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End of Fiscal Year Letter - ONR Grant N00014-03-1-0913 
Solid Freeform Fabrication Symposium -2003 

David L. Boureli, PI 

A. Description of the Technical Researcii or Development Goals: This grant helped to 
underwrite the publication expenses associated with the Fourteenth Solid Freeform Fabrication 
(SFF) Symposium. The symposium took place on August 4-6, 2003 in Austin, Texas at the 
University of Texas. 

It included papers on computer interfaces with SFF, materials processing and properties 
associated with SFF and machine design and requirements for SFF. 

B. Significant Research or Development Results During the Past Year: The Fourteenth Solid 
Freeform Fabrication Symposium, held at The University of Texas in Austin on August 4-6, 
2003, was attended by 100 national and international researchers. Papers addressed SFF issues 
in computer software, machine design, materials synthesis and processing, and integrated 
manufacturing. A total of 66 presentations were made, 57 oral presentations and 9 poster 
presentations. Of these, 63 are included in the proceedings volume. The diverse domestic and 
foreign attendees represented industrial users, SFF machine manufacturers, universities, and 
government. The attendance was up this year from previous years. The Symposium organizers 
look forward to its being a continuing forum for technical exchange among the expanding body 
of researchers involved in SFF. 

The Symposium was again organized in a manner to allow the multi-disciplinary nature 
of the SFF research to be presented coherently, with various sessions emphasizing computer 
issues, machine topics, and the variety of materials aspects of SFF. The three-day event was 
completely composed of individual oral presentations (no panel discussions/presentations) to 
accommodate the demand for this dissemination format. The afternoon parallel sessions were 
split into two sessions, and the poster session was reduced to give preference to presenters 
desiring to give oral presentations at the meeting. We believe that documenting the constantly 
changing state of SFF art as represented by these Proceedings will serve both the people 
presently involved in this fruitful technical area as well as the large flux of new researchers and 
users entering the field. This year is the fourth year of production of a CD proceedings. 
Available in November 2003, this medium allows enhancements such as higher resolution 
photos and figures, color presentation and whole-document searching in place of a keyword 
index. The attendee list is included, and the table of contents has hyperlinks to the articles. Page 
numbering is sequential to facilitate citation. A hard-copy print-out of the entire document is 
also available to those desiring that format. 

Several improvements were incorporated into the 2003 meeting. First, we provided an 
option for authors to submit a manuscript with refereed status. A refereed conference 
publication is important to some participants, primarily academicians, and we still accepted 
manuscripts for inclusion without review, as we have in the past. Of the 66 papers published in 
the proceedings, 32 were reviewed and noted in the publication. A second innovation for the 
meeting was awarding of best paper awards for the oral presentation and poster categories. The 
award consisted of a certificate to the authors. The best oral presentation and poster were chosen 
by the presentation being reviewed by at least 2 independent reviewers at the meeting. The 
criteria included clarity of presentation as well as quality, significance and soundness of the 
research. The 2003 winners were "Comparisons between Thermal Modeling and Experiments in 
Laser-Densified Dental Powder Bodies" by Kun Dai, Xiaoxuan Li, and Leon L. Shaw of the 
University of Connecticut-Storrs (poster) and "Rapid Manufacturing with Electron Beam 
Melting (EBM) - A Manufacturing Revolution?" by Morgan Larsson, Ulf Lindhe, and Ola 
Harryson of Arcam AB, Arcam AB and North Carolina State University, respectively. 

We are pleased to report that the SFF Symposium attracted a large number of young 
scientists this year. We had 44 students attend this year, 44% of the entire meeting. Participants 
represented 38 universities (14 international universities), 11 industries (5 international) and 2 



^ 

national labs and government agencies. The Organizing Committee has always valued the role 
of technical meetings as a venue for graduate students in research. We strive to make the 
conference affordable and therefore accessible to students. The 2003 meeting registration cost of 
$125 for students reflected this. Non-student cost was $350. 

Information on the SFF Symposium was made available through the worldwide web at 
http://lff.me.utexas.edu/. On-line registration forms, hotel information, general information 
brochure, proceedings order forms, and maps are all available. The 2004 tentative program will 
be available on our website in early June. The symposium email address is 
sffsymp@uts.cc.utexas.edu. 

C. Plans for Next Year's Research or Development: Plans are currently underway for 
organization of the Fifteenth Solid Freeform Fabrication Symposium. The dates are August 2-4, 
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PREFACE 

The Fourteenth Solid Freeform Fabrication (SFF) Symposium, held at The University of Texas in 
Austin on August 4-6,2003, was attended by over 100 national and international researchers from 
fourteen countries. Papers addressed SFF issues in computer software, machine design, materials 
synthesis and processing, and integrated manufacturing. The diverse domestic and foreign attendees 
included industrial users, SFF machine manufacturers, university researchers and representatives from 
the government. The Symposium organizers look forward to its being a continuing forum for 
technical exchange among the expanding body of researchers involved in SFF. 

The Symposium was again organized in a manner to allow the multi-disciplinary nature of the SFF 
research to be presented coherently, with various sessions emphasizing process development, design 
tools, modeling and control, process parameter optimization, applications and materials. We believe 
that documenting the changing state of SFF art as represented by these Proceedings will serve both 
those presently involved in this fruitful technical area as well as new researchers and users entering the 
field. 

This year is the first year for authors to elect to have their manuscript submissions rigorously reviewed 
as refereed submissions. At least two external reviewers assessed these manuscripts. Rejected 
manuscripts and manuscripts with mandatory revisions that were not revised have been included in the 
proceedings as unreviewed. There are a number of excellent manuscripts in the Proceedings for which 
the authors opted not to be reviewed. Reviewed manuscripts are noted as such before the paper 
abstract along with the date of acceptance. 

The Organizing Committee held a best paper competition for the first time this year. Both oral 
presentations and the poster presentations were judged by at least two independent reviewers. The 
criteria included clarity of presentation as well as quality, significance and soundness of the research. 
The best oral presentation was awarded to Morgan Larsson from Arcam AB (Germany) who gave the 
paper "Rapid Manufacturing with Electron Beam Melting (EBM) - A Manufacturing Revolution?" 
The best poster presentation was awarded to Kun Dai, Xiaoxuan Li and Leon L. Shaw from the 
University of Connecticut-Storrs for the presentation entitled, "Comparisons Between Thermal 
Modeling and Experiments in Laser-Densified Dental Powder Bodies". 

The proceedings papers are stored individually on the CD in pdf format by primary author last name, 
and Adobe® Acrobat® Reader™ installers for the Macintosh (OS 10.2.2-10.2.6) and PC (Windows 
XP) are included which may be used to view and search the pdf files. The Table of Contents file has 
links to all the papers. We have sequentially numbered the pages of the papers to facilitate citation. 
Some versions of Reader^^ do not have search capabilities which are necessary to keyword search the 
SFF Symposium Proceedings. If you have problems with searching, you might consider installing the 
version of Reader^*^ from the CD. The Adobe website (http://www.adobe.com/) also has versions of 
Acrobat Reader which may be downloaded free of charge. 

The editors would like to extend a warm "Thank You" to Rosalie Foster for her detailed handling of 
the logistics of the meeting and the Proceedings, as well as her excellent performance as registrar and 
problem solver during the meeting. We are grateful to Cindy Pflughoft who helped with Proceedings 
production. We would like to thank the Organizing Committee, the session chaks, the attendees for 
their enthusiastic contributions, and the speakers both for their significant contribution to the meeting 
and for the relatively prompt delivery of the manuscripts comprising this volume. We look forward to 
the continued close cooperation of the SFF community in organizing the Symposium. We also want 
to thank Ralph Wachter and the Office of Naval Research (NOOO14-03-1-0913) for supporting this 
meeting financially. The meeting was co-organized by the University of Connecticut at Storrs, and the 
Mechanical Engineering Department, Laboratory for Freeform Fabrication and the Texas Materials 
Institute at The University of Texas at Austin. 

The editors. 
ix 
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Process Planning for Solid Freeform Fabrication Based on Laser- 
Additive Multi-Axis Deposition 

Rajeev Dwivedi, Radovan Kovacevic 
Research Center for advanced Manufacturing 

Southern Methodist University, 1500 International Parkway Suite # 100, 
Richardson, TX, 75081 

Reviewed, accepted August 19, 2003 
Abstract 

This paper describes a new approach for rapid prototyping based on volumetric 
skeletonization. Contrary to most of the popular techniques for Solid Freeform 
Fabrication (SSF) based on 2-1/2 -axis layering as planar slices, this approach suggests 
the growth of the component along all three coordinate axes. While this approach offers 
many advantages in terms of the elimination of the support structures for the reduction of 
the staircase effects and the elimination of various post processes for the functional parts, 
this approach also offers challenges towards process planning. For various complicated 
shapes it may not be possible to generate the required shape using this approach; 
however, a hybrid approach which also incorporates the deposition by layers, may offer 
an optimum solution. Preliminary results are based on the successful laser-based 
additive deposition along multiple g-vectors. The material properties and the problems of 
possible porosities are still to be investigated. Advantages, process planning, 
applications, experimental results, and the challenges of this new method are the subject 
of this paper. 

Introduction 

Recent approaches for rapid prototyping assisted by flexible machines like a CNC, [1,2] 
robot [3-8] and promising results of the laser-based metal powder deposition, which 
allow material deposition from any direction [11] have inspired researchers to look 
forward to the multi-directional deposition for Rapid Prototyping. Another advantage 
inherent to the laser-based metal powder deposition is that the volume of material 
deposited can be controlled using different parameters, primarily the laser head speed, the 
laser power, the size of laser focal point, and the metal powder flow rate. Contrary to 
most of the Rapid Prototyping techniques that are based exclusively on the 2-1/2-axis 
planar layer deposition approach, the multi-direction material deposition approach offers 
many advantages. 

Figure 1. Multi-directional Slicing 

In a traditional 2-1/2-axis planar layered deposition, the slicing of a branching stiiicture 
may yield disconnected islands. The islands usually require supporting structures. A large 



number of disconnected path elements for ditferent islands render more turning points 
and path elements; therefore the total time and process complexity are increased. 
Different methods such as growth from the skeleton, progressive decomposition, and a 
hybrid approach can be used to exploit multi-directional material addition for part 
fabrication. Similar to the phenomenon of crystal growth that can be visualized as the 
growth of a solid from its tree-like dendritic skeleton, the slender parts can be fabricated 
by growing a part from its skeleton. An approach suggested by Singh et al. [9,10] which 
is based on the progressive decomposition of the part into sub-volumes, can be used such 
that each of the sub-volumes can be completely built along a certain direction in layers 
(Figurel). A hybrid approach that involves skeleton generation for sipport and the bulk 
of material added by 2-1/2-axis planar layered deposition process provides an alternate 
approach to optimize the part fabrication. 

r\ n    n 
(a)Skeleton of the (b)Part after deposition (c)Part grown from 

part of first layer skeleton 

Figure 2. Part grown from its skeleton 

(2) ^^^ (b) Support required when 2-1/2 
Rapid Prototyping method is used. 

Figure 3: A part fabricated using 2-1/2-axis approach that requires support 

This paper describes the approach for building a slender part from its skeleton. The 
approach is based on the thinning of a solid model to generate the skeleton of the 
component followed by regeneration of the solid from the skeleton (Figure 2). Various 
disadvantages of the traditional solid freeform fabrication techniques based on layered 
deposition that the proposed new method seeks to address are: 

1. Staircase effect. 
2. Requirement for support structure (Figure 3). 
3. For various geometries, the trade-off between the material deposition rate and the 

mimimization of the support structures that govem the choice of part-build 
orientation. 

4. The complexity of the process due to the treatment of rapid prototyping and the 
corresponding   solid   model   of  the   component   as   a   uni-directional   layered 
structure. 



5.   Requirement for various post processing stqjs of the part. 

Other advantages of fabricating a part form its skeleton include the ability to fabricate 
two loosely fitting components simultaneously. Multi-directional material deposition 
allows repairing a part without the need for relocation or reorientation. The use of 
freeform curves in space to deposit the material and the control of the material volume 
during deposition reduces the staircase effects. 

The limitations that can be attributed to flie Multi-directional material deposition 
approach include: 

1. The geometry of the part may not allow the material deposition head to access all 
of the points. 

2. A layer-by-layer technique is usually more suitable for the parts that have simple 
geometry and /or have an aspect ratio close to unity and have many branching 
structures. 

The limitations, while governed by the geometry and material deposition technique 
employed, also depend on the orientation of the part. Different methods are investigated 
for the part fabrication by multi-directional material addition. The initial part of the paper 
discusses the different methods used for volume skeletonization. Also discussed is how 
the skeletonization algorithm is used for the process planning for material deposition. In 
the later part of the paper, the experimental results are discussed. 

Volume skeletonization and process planning 

A technique selected for the volume skeletonization should be able to address the 
following issues: 

1. The skeleton must maintain the fundamental topology and geometry of the part. 
2. The process planning should allow re- growth of the part fi-om its skeleton. 

Figure 4 : Maximal inscribed sphere.[13] 

The medial axis transform (MAT) is a shape representation method that describes an 
object by a lower-dimensional skeleton together witii a local thickness [14]. MAT is 
defined by associating to each axis point p along the skeleton the radius r(p) of the 
maximal inscribed sphere (Figure 4). The Voronoi diagram is a similar fiindamental 
constmction in computational geometry[14]. The Voronoi diagram captures the 
proximity structure of a collection of elements in space. Consider a fixed, finite set of 
points [s. ] in Euclidean space. The points  [s. ] are called sites. An arbitrary point p is said 



to lie in the Voronoi region of {5,}if/? is closer to 5, than to any other site Sj. The 

Voronoi diagram divides space into regions according to the closest site. Attali et al. have 
[15] suggested tiie use of polyballs to approximate shapes and skeletons. The method 
suggested by Eric et al. [16] suggests an approach to the reconstruction of branching 
shapes that exploits the relationships between the skeleton of an object and the Voronoi 
graph of its boundary points. Their method is based on the division of space based on a 
set of points. The Voronoi graph and the skeleton may be approximated as the subset of 
the Voronoi elements that are completely included in the object. Gagvani et al. [17] have 
reported a technique for skeleton computation for articulation that can be used in an 
animation program. They (Gagvani et al.) suggested a method for voxel arrangement to 
generate a skeleton-ti«e from the volume. The method is based upon the distance 
transform, and the distance transform values are stored and used for regrowing the object 
from its skeleton. 

For a solid X, which is a closed subset of I^, its interior is defined asp e ^ and its 
exterior is the complement p^X .The boundary of the solid is defined as pedX czX 

that is the subset of solid where any neighborhood contains non-members. The distance 
transform maps the solid to its equivalent distance field. The corresponding distance field 
[18] is the scalar field associated wth solid X , F:R^ -^R that maps a point in space to 
the distance from that point to the closest on5X. 

Fip) = ] 0 p&dX 

\—\    "iFH 
R2 

(a) Thin part built by one 
sweep 

hmeimediate layers 
with varying thickness 

(b) Large part made by 
multi layer deposition. 

Figure 5: Part fabrication by varying material volume 

During the material deposition, the distance ti-ansform value of (he skeleton is converted 
to the amount of material deposition at tiie location. The speed of laser head, tiie powder 
flow rate, the laser power, and tiie size of tiie focal point are tiie primary parameters that 
conti-ol tiie rate of material volume deposition. By conti-olling tiiese parameters, tiie 
desired shape of tiie object is generated. For small or tiiin components, tiie part is 
generated by a single  sweep of tiie laser head [Figure 5  (a)]; however, flie larger 



components need a multilayer deposition [Figure 5(b)]. For every layer, the thickness of 
the deposited layer is manipulated such that the final shape is obtained as the linear sum 
of intermediate layers [Figure 5(b)]. Process planning converts the distance transform 
values to the linear constant multipliers for the process parameters. 

Skeleton 

Figure 6. Tool path surfaces 

The solid to be built is defined by the boundary F(p)=0    such tiiat  pedX 

trajectory for the m"' layer g,. (p) of the process fimction is defined as: 

The 

HI 

F(;7) = £(c,+v,+/,)g,(p) 

c., V, and /,. are the process parameter constants that correspond to the powder feed rate, 
laser head traverse speed, and the laser power feed rate. The process parameter-constant 
values are determined experimentally. Movement of the tool lakes place along the 
surfaces described by the process fimction (Figure 6). 

suface 
Rocess suface with vaiyng 
thickness 

Figure 7. Mapping surface to process surface 

The surfaces are homotopes of the intermediate material layers such that the variation in 
thickness of each layer is stored. The intermediate layers manufactured by material 
deposition are referred as process surfaces. Each surface, in turn, is comprised of closely 
spaced curves in the space. The thicknesses of the surfaces correspond to the material 
volume controlled by process parameters, and the space curves represent the deposition 
head path trajectory. As shown in the Figure 7, the geometric surface provides the 
trajectory for tiie deposition head; whereas, the process surface is obtained by attributing 
the material thickness to the trajectories. The process planning allows the varying volume 
of material to be deposited along the trajectories to obtain the final component. 

Another approach for multi-directional material deposition is based on ellipsoid fitting. 
The ellipsoid fitting method can be used to approximate the shape of an object by 



providing important and useful attribute sets. However, it does not provide an accurate 
description of the shape. The ellipsoid fit provides global measures for geometry. 
However, this attribute is a crude (first order) approximation of the shape [19]. 

(a)Skeleton and ellipsoid 
approximation 

(b) Unit Ellipsoid (c) Path for Unit ellipsoid 

(d) Overlapped Paths (e)FinalPath 

Figure 8. Path generation for part based on ellipsoid approximation. 

In tiie case of machining after the material is deposited, in order to remove extia material, 
the shape approximation by ellipsoids can be used for process planning. The task of 
material deposition for a complex component is subdivided into the subtasks, where 
material deposition is performed for individual ellipsoids. A Boolean equivalent union of 
all the sub-paths of the ellipsoids renders tiie final path. Figure 8(a) depicts the skeleton 
of an object and its ellipsoid approximation. Figures 8(b) and 8(c) show a unit ellipsoid 
and the corresponding path for material deposition, and Figure 8(d) shows the overlapped 
paths for the ellipsoids used to approximate the solid. Figm-e 8(e) represents tiie 
equivalent of a Boolean union of the paths for individual ellipsoids to generate the final 
path. 

Anne et al. [20] have suggested an algorithm for the construction of skeletal curves fi-om 
an unorganized collection of scattered data points lying on a surface. A neighborhood 
graph is constructed over the set of points to compute geodesic distances between the root 
point and tiie otiier points. Connected level sets of the distance map are tiien exti-acted 
and organized in a tree structure. The root of tiie ti-ee is an input to tiie algoritiim. The 
centers of these levels sets constitute the skeletal curves. 

# 

(a) Part (b) Surface points (c) Tool Patii curves (d) Patii curve, top view 

Figure 9 Patii generation fi-om tiie scattered data points along tiie surface 



To use the method based on skeletal curves for rapid prototyping, a solid model is 
represented as coaxial layers of surfaces. Since the part geometry is known a priori, the 
coaxial surfaces and the surface points are generated (Figure 9). The surface points are 
joined to build the skeletal curves. The skeletal curves should be built close enough to 
allow continuous surfaces. Simple and unbranched curves provide the path for the 
material deposition head; therefore, the steps for branching and center-extraction for the 
skeletal curves are eliminated. The points on each surface are connected to get 
unbranched skeletons to generate the path for the material deposition head. The 
component is fabricated by depositing the material from the innermost surface to the 
outer surfaces. 

The Process Planning: 

The process planning for part fabrication should be able to address the requirements and 
limits of the material deposition process. The method used for skeleton generation must 
capture the topology of the part and store enough information for the process planning. 
Oflier issues include the determination of a suitable orientation of the skeleton such that 
the growth of the part should not only allow the accessibility to all the points while the 
part is being built, but should also maintain the stability of the part during the growth 
such tiiat the requirement of the support structures is eliminated or minimized. The 
selection of orientation must minimize the requirements for the support stmctures. The 
number of turning points and path segments increases the heat accumulation and the 
process complexity due to the frequent direction changes of the material deposition head. 
Therefore, a reduction in the total number of turning points and the path segments should 
be another criterion for path planning. 

The material deposition for the thin structures is accomplished by a single sweep of the 
material  deposition head.  Variations  in part thickness regulated by changing various 
process parameters. For the thicker structures, however, material is deposited as coaxial 
surfaces with varying thicknesses around the skeleton. 

eposition head 

(b) Deposition head accessibility 
(a) Branched Part and deposition due to skeleton offset 

head inaccessibility 

Figure 10. Skeleton offset for accessibility 

For branched and intricate geometries, the accessibility of the part by tool might be 
limited  [Figure   10(a)].  A modification  in the  skeletonization  approach  such that the 



skeleton is offset is suggested [Figure 10(a)]. The offset distance of the skeleton depends 
on the dimensions of the material deposition head. 

Experimental Results: 

Figure 11. Experimental Setup 

The experimental setup is a 6-axis robot with a laser deposition head mounted at its end 
effector (Figure 11). Nd-YAG laser unit is used for the laser power source. The controller 
unit controls the shutter on/off position, the laser power, and the powder feeder in real 
time. The CAD workstation generates the model file of component and the job instruction 
file for the robot. The material deposition head has four powder delivery nozzles arranged 
coaxially. The quantity of the powder delivery can be controlled by the powder feeder. 
Experiments are performed with HI 3 metal powder. 

Bead Diameter 

Laser Power 

Powdef feed rate 

Head Speed 

3.6mm 3.2mm 2.6mm 2.3mm 2mm 
200W 190W 190W 160W 120W 
90Hz 90Hz 80Hz 70Hz 60Hz 
Imm/s Imm/s imm/s Imm/s Imm/s 

Figure 12. Variation in cross-section thickness with respect to the power and powder feed 
rate (Note: The rate of powder deposit is 0.05g/Hz of the powder feeder motor fi-equency) 
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A code was developed in (Visual Basic for Application) VBA for AutoCAD for simple 
cylindrical components. Different experiments were performed to study the influence of 
the process parameters on the material volume. This influence includes the variation in 
laser power, the powder feed rate, and the deposition head speed. The material is 
deposited by vertical movement of the material deposition head such that the laser head 
moves away from the just deposited material, and the molten pool is formed at the focal 
point of the laser. 

It is observed that there is an increase in the material volume deposited with the increase 
in the powder feed rate, the speed of torch movement. However, the volume is further 
limited by the size of the molten pool, which in turn depends on the laser power. Figure 
12 shows the variation of part thickness that corresponds to the material deposition rate 
for different parameters. 

Figure 13. Variation in cross-section size with respect to the head speed 
(laser power = 380W, powder feed rate at 200Hz) 

Figure 13 shows the dependency of the part thickness on the head speed. A single bead of 
the material is deposited at different speeds for the same rate of the powder feeding, and 
the laser power. The material deposition is done along tiie horizontal direction. 

Ill 
200W 
80Hz 
O.lmm/s 

200W 
60Hz 
O.lmm/s 

200W 
60Hz 
0.2mm/ 

Figure 14. Irregular bead formation due to surface tension 

The combination of laser power, torch speed, and powder feed rate determines the 
surfaces smoothness. The surface tension of the molten metal and the formation of 
spherical droplets can cause the formation of a rough surface. Figure 14 shows three 



columns with rough surfaces. An increase in the speed of the torch and the corresponding 
lowering of the heat accumulation improves the surface quality. One of the most 
important factors that must be taken into account is the possible melting of the skeleton at 
any instant due to excessive heating. The determination of the optimum power is 
extremely important because excessive heat may melt the structure, and insufficient heat 
does not allow the formation of a proper of molten pool for the material welding. 

By controlling the process parameters, various three-dimensional stmctures can be built. 
Experiments were performed to build slander parts and surfaces. The material addition is 
done for different g-vectors. 

Figure 15. A branched structure made by laser cladding 

Figure 15. shows a branched structure that is generated by laser cladding. The branched 
structure includes a vertical segment onto which four other segments each at an angle of 
45 with respect to the x,y and z axes are added. 

Figure 16. Surfaces created in space by laser cladding 

10 



Figure 16 shows surfaces made in the space by laser cladding. The surface tiiickness is 
equal to a single bead width. The surfaces are generated by depositing material, 
perpendicular and horizontal with respect to the gravity. 

Conclusions 

The variation in flie material deposition rate by changing various process parameters: the 
powder feed rate, the laser power, and the laser head speed in laser-based metal powder 
deposition allows the fabrication of complex geometric skeletons. Different algorithms 
can be used for the process planning to fabricate a solid part based on the reconstruction 
of a solid from its skeleton. The process can be optimized and controlled by obtaining 
various process parameters experimentally. The experimental results have demonstrated 
the ability to manufacture complex and branched stmcture without the support structures 
inherent to the traditional techniques. 

A hybrid technique that involves incorporation of the 2-1/2-axis deposition technique 
along with the fabrication of a part from its skeleton needs to be developed to create a 
more efficient process that combines the best of both of the methods. 

A mathematical model for dependence of the material volume and the properties of the 
laser cladding on different parameters like the speed of laser head, the laser pwer, and 
the powder feed rate, is required. 
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Abstract: This paper describes a Digital Micromirror Device (DMD) based ultraviolet (UV) 
microstereolithography (|ii-SL) system developed for rapid prototyping and manufacturing of 
micro 3D structures. Characterization experiments show that the developed the DMD-based 
imaging system irradiates an entire photopolymer layer at once, providing reasonable curing 
speed and good resolution at a low cost. 2D and 3D micro parts were fabricated. High frequency 
ultrasonic vibration (above 20 kHz) was experimented and verified that it can be used to 
significantly decrease the leveling time of viscous photopolymer. Furthermore, micro parts were 
also fabricated in nanocomposites, which were obtained by ultrasonic mixing of the transparent 
photopolymer and nano-sized ceramic particles. High quality micro models fabricated by this 
novel process could be used for micro scale investment casting, tooling, devices, and medical 
applications. 

1. Introduction 

Miniaturization is important in fabrication and commercialization of new industrial products that 
encompass complex geometries, high aspect ratios and complex microstructures. These 
miniature products can deliver a new generation of functionality and performance in a smaller 
volume. Smaller-size cellular phones and notebook computers, hearing aids, nozzles for ink-jet 
printers, and accelerometers for car air-bag system are some samples of products made possible 
by rapid development in micro fabrication. Beside the commercial/consumer products and 
applications, 3D microparts are also of great interest from research fields in microrobotics, 
micromechanics, and microfluidics. 

Silicon-based microelectromechanical system (MEMS) techniques are very popular for the 
manufacture of micro sensors, electronics, actuators and other components in integrated 
microsystems. However, these MEMS techniques are two-dimensional (2D) processes involving 
multiple steps and requiring complicated processing procedures in a cleanroom environment. 
These 2D techniques are normally difficult, if not impossible, to fabricate arbitrary shape and 
composition without the use of microassembly. The investment costs of these processes are 
expensive, and the choice of material is somewhat limited. To name a few of those processes are 
surface and bulk micromachining, LIGA (X-Ray Lithography, Electroplating, and Molding), and 
RIE (Reactive Ion Etching) [Madou 2002]. 

Recently, microstereolithography (|a-SL) process emerged as a freeform process capable of 
creating 3D structures with complex geometries. Microstereolithography has its root from the 
stereolithography process rather than integrated circuit (IC) technology. Stereolithography is a 
process of creating 3D solid models in a layer-by-layer fashion from a 3D CAD model using 
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photopolymer as a based material. A focused ultraviolet (UV) laser, coupled with a galvano- 
mirror, is used to cure photopolymer in a vector-by-vector manner [Jacobs 1996, Beaman 1997, and 
Prinz 1997]. 

The core idea of microstereolithography processes is similar. A solid 3D model from any 
modeling software (Pro/E, Unigraphics, SolidWorks, etc) is tessellated into array of triangles, 
and output in STL (SteroLithography) file format. Using slicing software, this tessellated model 
is then sliced into layers according to the predetermined thickness. The software then creates 
some output files that will be read and used directly to build the part. The output build files are 
then used to build the part on the microstereolithography apparatus. The microstereolithography 
processes can be classified into two main categories, based on how each layer is build [Bertsch 
1999 and 2000]: 

1. Vector-by-vector process: a layer is formed by raster scan of a laser beam. The laser beam is 
stationary and focused precisely to a very fine spot on the surface of the photopolymer. The 
container and the material are moved horizontally in order to build the layer. 

2. Integral process: each layer is cured by one irradiation only. A dynamic mask/spatial light 
modulator is used. For this type of process, the slicing software gives output in image files 
(usually monochrome bitmap files); each file contain the cross sectional image of one single 
layer. These files are then used to drive the dynamic mask. 

After a layer is formed, a microstage holding the part is dipped into the photopolymer vat, 
allowing fresh layer of resin to coat the cured layer. Then the microstage is raised again, leaving 
only a thin layer of liquid photopolymer (usually in the order of several microns) between the 
cured layer and the surface of the polymer vat. The fresh layer is then cured, and then the 
recoating process repeats. Once building process is done, the part is washed with the appropriate 
solvent to remove the uncured polymer. 

The integral stereolithography process is much faster than the vector-by-vector process. By 
employing a dynamic mask, e.g. Liquid Crystal Device (LCD), this process presents a technical 
breakthrough in the field of rapid prototyping. As an emerging dynamic mask, the performance 
of Digital Micromirror Device (DMD) is better than that of the LCD since DMD's fill factor of 
each pixel (85%) and its reflectivity (71%) are much better than those of the LCD (64% fill 
factor and 21% light transmission) [CRL Opto, DLP Technology]. In other words, when a pixel is in 
"active" or "on" state, the DMD can pass light more efficiently than the LCD. LCD-based ^i-SL 
technology has been extensively studied [Bertsch 1999 and 2000]. EPFL (Swiss Federal Institute of 
Technology) at Lausanne, Switzerland, University of Sussex in United Kingdom, INPL 
(Lorraine National Polytechnic Institute) in France, and Saitama University in Japan are to name 
a few. Long layer setfling time remains a difficult issue. Research team from Saitama University 
in Japan used DMD-based \i-SL to build 3D parts [Kaneko 2001]. A vibration generator working at 
frequency of 50 Hz was sued to reduce the leveling time and enhance the z-resolution by 
reducing layer thickness [Akahane 2001]. However, its layer thickness was still at approximately 
100 nm. It should also be noted that Stanford Research Institute (SRI) has developed a projector- 
based imager system for ceramic-polymer prototyping [SRl 1999]. However, the system uses 
visible light, which is prone to interference and the system developed is suitable only for 
macroscale applications. 
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2. Experiment Apparatus 
A microstereolithography ((i-SL) apparatus has been developed, as shown in Figure 1. 

The system employs a Digital Micromirror Device''"'^ (DMD) as a dynamic mask/spatial light 
modulator, which eliminates the need to produce multiple masks to cure different layers of 
polymer. This apparatus uses an economical broadband UV light source to initialize 
polymerization of the molecules of the liquid polymer and thus form a solid layer. Detailed 
information of important elements of the system is described as follows. 

Fig. 1. Diagram of the microstereolithography apparatus: (1) UV light source; (2) 
light guide; (3) light pipe; (4) condenser lens system; (5) fold mirror; (6) DMU™; 
(7) TIR prism pair; (8) focusing lens system; (9) photopolymer bath; (10) x-y-z 
movable stage; (11) building platform; and (12) computer controller. 

2.1. Optical System 
The light path on the apparatus begins from the UV hght source, identified by number 1 

in Figure 1. The light is then transmitted using a UV light guide (number 2 in Figure 1) into a 
modified DMD-based multimedia projector (BenQ DX550). The light path starts at the light pipe 
(number 3 in Figure 1) and ends at the TIR (total internal reflection) prism pair (number 7 in 
Figure 1). A set of focusing lenses, identified by number 8 on Figure 1, is placed outside of 
projector to focus the reflected image from DMD onto the surface of polymer bath in a suitable 
size. 

To supply UV light, a broadband GreenSpof'"^ UV Spot Curing System from UV Source, 
Inc. was used. The UV Spot Curing System consists of a high-pressure mercury lamp, a lOOW 
power supply and ballast system, and a programmable shutter. The shutter is electronically 
controlled, and can be adjusted in increments of 0.01 second up to 99.99 seconds. The spectrum 
of the broadband UV light ranges from 300 and 470 imi, and has a peak at 365 nm. This external 
UV light source was selected to avoid difficult modifications required to integrate the stand- 
alone high-pressure mercury bulb into the projector. The light guide assembly was also supplied 
by UV Source, Inc. The light guide is liquid-filled, and provides good UV transmission between 
300 and 500 nm. 
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The DMD has a resolution of 1024x768. It provides rapid change of image patterns (up to 
10,000 patems/s). It consists of thousands of micro mirrors, each with a size of 13.7 ^m x 13.7 
\im. Each individual mirror element can be rapidly electronically switched (up to 10,000 Hz) 
between "on" and "off state. The light is thus selectively reflected, according to a designed 
image pattern, out of the projector into the focusing lens. For this study, the lens system was 
designed to provide approximately 1:1 ratio between the DMD pattern and the focused image. 
Silica lens was used since silica has good transmission in the UV region. 

2.2. Photopolymer 
Suitable photopolymers are critical for the ^i-SL process. Important characteristics, such 

as viscosity, sensitivity, and wavelength response need to be considered. After UV curing, 
polymers will also exhibit different thermal, mechanical, and optical properties. 

Several photopolymers fi-om companies that specialize on stereolithography were 
evaluated. The DSM Somos 10120 WaterClear™ was selected because of its low viscosity 
(-130 cps @ 30° C), its relatively low critical exposure (Ec = 9.7 mJ/cm^), and its transparency in 
both liquid and cured state. The transparency in the cured parts is of interest since transparent 
micro molds could be used for a visual monitoring of mold filling in micro-casting or channel 
filling in electroplating. Other properties of the polymer are presented on Table 1. 

DSM Somos 10120 WaterClear 10120 Specification 1 
Physical Properties - Liquid Mechanical Properties 

Appearance 
Viscosity 

Density 

Optically clear 
-130 cps at 30° C 

~1.12g/cni^at25°C 

Tensile Strength 
Elongation at Break 

Elongation at Yield 

Modulus of Elasticity 

Index of Refraction, n 

Hardness (Shore D) 

3736 psi 
32% 

4.20% 

248 ksi 

1.51 

81 

Optical Properties at 3S5nm 

Ec (Critical Exposure) 

Dp (Slope of cure-depth vs. ln(E) curve) 

Eio (Exposure that gives 0.254 mm (.010 in.) thickness) 

9.7 mJ/cm^ 
0.16 mm (0.0063 in.) 

48 mJ/cm^ 
Table 1. Properties of DSM Somos WaterClear™ 10120 photopolymer. [Data from DSM Somos] 

2.3. Motion Control 
To provide an accurate linear movement of the building platform (number 11 on Figure 

1), a PC-controlled three-axis micro-stage (number 10 on Figure 1) from Anorad Inc. was 
implemented. Two perpendicularly stacked LW-7 stages provide lateral (x and y directions) 
movements, while an Anoride 7-4 stage enables the platform to move vertically (in z direction). 
The stage system has a resolution of 30 nm and can travel in speed up to 200 mm/s. 

2.4. Software 
Two different types of software were used for the apparatus: CNC-2000, and Microsoft 

PowerPoint. The CNC-2000 controls the motion of the stages; manual input of a single 
command line is possible, as well as automatic input of a series of commands in G-code format. 
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Microsoft PowerPoint was used to create monochromatic patterns and images and 
transferring those to the DMD. Further software development is needed to automate the soHd 
model slicing and image generating. 

3. Experiment procedure 
The experiments were performed to characterize the apparatus and evaluate its capability 

for fabrication of meso and micro-sized 3D objects. The results will be used in selecting 
important variables and optimizing the fabrication process. 

3.1. Experiment on curing depth and exposure time experiment 
This series of experiments was carried out to better understand the relationship between 

the exposure time and cured layer thickness. The experiment was conducted by fiiUy curing a 
support polymer layer on top of a silicon wafer, as shown in part 2 in Figure 2. A circular part on 
this layer was intentionally left uncured for top layer measurement purpose. Then a fresh layer of 
liquid polymer was recoated above the cured layer by dipping and raising the building platform. 
Finally, this top layer was exposed to a focused UV light within a predetermined period of time 
(part 3 in Figure 2). The cured thickness was then measured by use of a microscope, as 
illustrated in part 4 in Figure 2. The relationship between exposure time and cured layer 
thickness can be determined. 

1 

SiwtSBi- y PhjAopoiymtr 

J I  

UVfgfW 

support 

pi'*'  Bouri 

Fig. 2. Experiment on curing depth versus exposure time 

3.2. Experiment on settling time 
The apparatus builds microparts by stacking thin layers of photopolymers, preferably 5- 

micron thick for each layer. Conventional stereolithography apparatus normally utilizes a blade 
to achieve a desired layer thickness, normally 50-100 ^m. However, this technique can not be 
applied on a in-SL apparatus since the blade will destroy the micro part being built. A |j,-SL 
apparatus usually relies on gravity to settle the polymer layer into a thin layer. 

The experiment was conducted by lowering the building platform, and then raising it 
within the polymer bath up to height that is 10.0 i^m below the surface of the photopolymer. 
Once the platform is raised, UV light was turned on periodically to cure a different small part of 
the settling polymer. The cured layer thicknesses were measured by a Tencor Alpha-Step 200 
profilometer. 

3.3. Experiment on resolution 
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There are two different resolutions on a ^i-SL apparatus: lateral resolution, and vertical 
resolution. Lateral resolution is decided by the size of the individual mirror on the DMD as well 
as the focusing lens system. Vertical resolution is simply determined by the layer thickness; the 
smaller the layer thickness, the better the vertical resolution. However, thinner layer thickness 
demands more layers to build a 3D part. 

The experiment was carried out to quantify the lateral resolution of the system. The 
experiment was conducted by curing a pattern of lines with different widths. After the sample 
was developed, the narrowest line width indicated the resolution of the apparatus. 

3.4. Fabrication of Micro Parts 
2D and 3D patterns/parts were fabricated to assess the capability of the apparatus. A 

microgear was of interest because it is a mechanical component containing small features. A 
microgear with 1.5mm lateral diameter was designed to be built using the apparatus, as shown in 
Figure 3a. To increase the complexity of the micropart, a cylinder and a second, smaller gear 
with fewer teeth (Figure 3b) were to be built on top of the base microgear. 

A micropart with overhanging feature was also of particular interest. One attractive 
capability of the ^i-SL process is that it is able to build overhanging features without the need of 
supporting structures. Hence, a micropillar with 1mm x 1mm lateral dimension with an 
overhanging section was designed, as shown in Figure 3c. 

Fig. 3. Shown above are the cross-section profile of the base gear (a, left) and that of the second, smaller gear (b, 
middle) (the pictures are not in the correct scale). A CAD model of a micropillar with overhanging section was to be 

built using the apparatus (c, right). 

3.5. Experiment on ultrasonic-assisted layer settling 
High fi-equency ultrasonic vibration (above 20 kHz) was experimented in order to 

significantly decrease the leveling time of photopolymer. As shown in Figure 4, the experiment 
setup includes a 20 KHz ultrasonic ultrasonic transducer, a vibration table, and a silicon wafer. 
The thickness of the droplet of photopolymer on top of the silicon wafer was measured against 
time. A droplet of photopolymer of 14.6 ^il was placed on top the silicon wafer under ultrasonic 
vibration. By measuring the diameters of settling droplets, the average thicknesses of the settling 
droplet layers were determined. 
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Fig. 4. Diagram of ultrasonic-assisted layer settling 

3.6. Nano-composites preparation 
The experiment was carried out to determine the feasibility of mixing polymer with nano- 

sized ceramic particle. Polymer-nano-composite material was of interest because it had the 
potential of improving mechanical properties of the fabricated parts. 

High intensity ultrasonic waves were used to mix nano-sized Si3N4 (30 nm) with the 
photopolymer. A viscometer was used to measure the viscosity of the resulting polymer-nano- 
composite mixtures. The measurement result was plotted and used to determine the suitable 
nano-composite content in the mixture. 

4. Results & Discussions 

4.1. Curing depth and exposure time 
Figure 5 shows the result of the curing depth versus exposure time. The linear fit of the 

data points on the plot suggests the cured layer thickness is proportional to the exposure time. 
The plot suggests that the polymer would not start to cure if the exposure time is less than 1.67 
seconds in this |j,-SL system. Other experiments verified this behavior. It might be attributed to 
the use of broadband UV light source and the fact that the photopolymer used is optimized for 
curing at 355nm wavelength. It might be better to use low power UV laser at 355nm to obtain 
optimized performance for this particular polymer. However, currently these UV lasers are 
expensive. One possible solution would be to find or develop photopolymers that have better 
response curve with respect to the spectrum of the broadband UV light. 
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Fig. 5. Cured depth (cured layer thickness) versus exposure time on DSM Somos 
WaterClear 10120. 

4.2. Settling time 
Figured 6 shows how the polymer surface settled naturally (decreased in thickness with 

respect to the building platform) on top of silicon wafer as time elapsed. The plot suggests that 
the settling polymer layer thickness is proportional to the elapsed time. However, the settling 
time of the polymer was surprisingly long to reach 100 |am. The result suggests that 895.36 
seconds would be necessary to obtain a polymer layer of 10 |j,m thick. Such a long settling time 
is not satisfactory for a rapid prototyping system. Further study is needed to find a more suitable 
photopolymer or to develop other means to spread thin polymer layer in this (x-SL system. 

To overcome this settling problem, ultrasonic vibrations could help to achieve a 
significantly shorter layer settling time. Preliminary settling time experiments with ultrasonic 
vibrations were conducted, and results are presented in the subsection 4.5. 
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Fig. 6. The height of the polymer surface measured from the building platform versus 
elapsed time. 
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4.3. Resolution 
By comparing the line widths on the computer screen to the cured Hne widths, the image 

ratio can be determined. A ratio of 1:20.3 can be achieved between the hne width on the screen 
and the actual cured line width. 

By use of microscope and SEM, the lateral resolution of the apparatus is determined to be 
approximately 20 ^m. It dictates the smallest feature possible in X-Y plane to be built. 

Fig. 7. Shown above are a microscope capture and SEM pictures of lines and grids patterns generated using n-SL 
apparatus. 

4.4. Fabrication of 3D Micro Parts 
Figure 8 shows SEM pictures of 3D microparts fabricated with the ^-SL apparatus. 

Individual tooth can be distinguished on both micro-gears; however it seems some features were 
over cured. It is believed that optimization of process parameters will be necessary to solve this 
problem. 

The last image in Figure 8 shows the micro-pillar. It seems no obvious overhanging 
feature appears. It is likely that the overhanging feature was washed out, possibly due to the 
recoating process. Further experimental study and process optimization are being carried out to 
obtain more sophisticated parts. 

P'^P%\ 

Fig. 8. SEM pictures of 3D microgears, and a micropillar (right) 

21 



4.5. Ultrasonic-assisted Layer Settling 
Comparison between the results with and without ultrasonic vibration indicates that 

ultrasonic-assisted settling is very effective. It shines light for the future implementation of 
ultrasonic-assisted layer settling mechanism in the developed DMD-based ^i-SL system. 

o 
o 

CO 
CO 

H 

0 20 60 40 
Time (s) 

Fig.9. Polymer settling time on top of silicon wafer 
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4.6. Polymer Nanocomposite Parts 
Figure 10 shows the viscosity trend of the photopolymer matrix nanocomposite as the 

nanoparticles content is increased. Based on the result, the nanocomposites having 1.0 weight % 
nanoparticles might have the combination of good strength improvement and their viscosity still 
remains low enough for recoating process. Thus photopolymer was mixed with 1.0 weight % by 
use of ultrasonic mixing. The resulting mixture was then used to fabricate a micro-gear shown in 
Figure 11. Visual observation under a microscope suggests that the nanoparticles within the 
microgear were dispersed quite uniform. 
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Fig. 10. Viscosity of photopolymer-nanoparticle mixture (measured at 1.0 rpm) 
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Fig. 11. A microscope picture of a microgear made of polymer-nano- 
composite. 

5. Conclusion 
A DMD-based microstereolithography apparatus has been realized. The apparatus 

attempts to combine the versatiHty of rapid prototyping, and the capability of fabricating high 
resolution micro structures. 2D and 3D microparts with 20 ^m lateral resolution are realizable. 
Characterization experiments show that the developed the DMD-based imaging system irradiates 
an entire photopolymer layer at once, providing reasonable curing speed and good resolution at a 
low cost. Further study and process optimization will be needed to improve the quality of the 
micro parts. 

High frequency ultrasonic vibration was experimented and verified that it can be used to 
significantly decrease the leveling time of viscous photopolymer. Uniform photopolymer matrix 
nanocomposites were obtained by ultrasonic mixing. The nanocomposites promise to improve 
properties of fabricated parts. Micro parts were also fabricated in nanocomposites. 
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Abstract 
Selective Inhibition of Sintering (SIS) is a new layer-based rapid prototyping process. This paper 
reports the progress in research and development of the SIS process. Specific printer path 
generation method, experimentation with various powder and inhibitor materials, and systematic 
models leading to optimum performance given various factors affecting part strength, surface 
quality, and dimensional accuracy are presented. 

1- Introduction 
Selective Inhibition of Sintering (SIS) is a new rapid prototyping process that like other 

RP processes, builds parts in a layer by layer fabrication basis (Khoshnevis, B., et al, 2003). The 
SIS developers hope that by successfully completing this process, they can present a very precise 
and inexpensive system to be used at the work tables of designers, modelers, and innovators to 
fabricate their product designs and ideas. The SIS process works by joining powder particles 
through sintering in the part's body, and by sintering inhibition of some selected powder bed 
areas. The selected areas of the powder bed for sintering inhibition are wetted by a printer. The 
printer nozzle moves in the XY plane and prints the inhibitor liquid on the model slice pattern. 
The print pattern includes the part boundary and hatch pattern for each layer of the sliced CAD 
model. The Selective Inhibition of Sintering process includes the following major steps (see 
Figure 1): 

0- The inhibitor tank is filled with the inhibitor liquid and the powder feed tank is filled with 
polymer powder, the inhibitor tank pressure and printer voltage are set, and the printer 
home is found. 

1 - The powder feed tank pushes the powder level upward in the amount of desired step(s). 
The build tank moves the powder level downward in the amount of desired step(s). The 
amount of lowering movement sets the layer thickness in the final part. 

2- The cylindrical roller from the source tank spreads the powder over the build tank. The 
roller rotates clockwise and moves in the X direction. 

3- An X-Y printhead moves the print nozzle over the desired layer profiles. The input file 
for the print pattern is the machine path file which is generated by the machine path 
generator system. 

4- The heat source attached to the moving part of the machine (including the printhead and 
roller) moves in the X direction and its temperature and movement create a sintered layer 
with an unsintered pattern in the selected area of the powder bed. 

Repeat from step 1 unless the part is finished. 

5- The model is removed from the sintered block and the post processing including 
cleaning, and adding wax or adhesive to the fabricated part, completes the SIS process. 
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An Alpha machine was buih for initial research studies. Following figure shows the SIS 
machine performance in detail^  
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Figure 1. Selective Inhibition of Sintering process steps 
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2- Motivation 
Because of different motivations, research on the SIS process was pursued in different 

directions. The first motivation for this research is due to the fact that without a machine path 
generation system, the SIS process will be limited to fabricating parts with very simple 
geometry. Also in many cases, lack of hatch path printing will make part separation from 
surrounding material impossible. The necessity for having such a system was the primary 
motivation for this research. Desirable properties for the new system include: 

An appropriate machine path (i.e., boundary path and hatch path) printing pattern that 
enables the SIS machine user to easily remove the fabricated part from the surrounding 
material. 
Machine path verification before sending the file into the SIS machine. 
System capability to work in a wide variety of PCs with minimum computer memory. 
Ability to process CAD models with any size and complexity. 
Ability to fix or report the STL files errors. 

The second motivation is due to the fact that to reach an acceptable level of accuracy, 
strength, and surface quality in the fabricated parts, all effective factors in the SIS process should 
be identified and controlled. A study for applying appropriate materials (powder and inhibitor) 
and identifying and optimizing effective factors on the quality (e.g., surface quality, part 
dimensional accuracy, and part strength) of the parts fabricated by the SIS process was 
necessary. 

3- Machine path generation 
The newly developed machine path generator system (Asiabanpour, B. Khoshnevis, B., 

2003) uses STL files with the ASCII format as input and works in two steps. The first step 
generates slices at each increment of Z by intersecting the XY plane with the facets within the 
part. The second step uses all individual unsorted intersection lines in each Z increment to form 
the contour. This step includes sorting the intersection lines, recognizing the closed loops and 
disconnections (STL file error), and generating the machine path (i.e. boundary path and hatch 
path) and simulation files (Figure 2). 

Subroutines: 
Point finding 
Point sorting 
Hatch printing 

Machine 
Path file 

Figure 2.The two steps of slicing and machine path generation 

In the first step the STL file is read as input. Slice files are then generated by executing 
the slicing algorithm. Only the intersection of those facets that intersect current Z=z are 
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calculated and saved. In this step, one facet is read at a time from the STL file. Then the 
intersection lines of this facet with all XY planes for Z„i„ ^z<. Min{Z^^^, Max{z^, z^, z^}} are 
calculated. The intersection lines are stored in the specified file for the associated z increment. 
This results in one intersection line on each XY plane. By repeating this process for all facets, a 
set of slices is generated. This algorithm only saves the data of one facet in the computer 
memory, therefore only a small amount of computer memory is needed, and there is no practical 
limitation on the model size. In this step each slice is saved in a separate file on the disk. This 
guarantees that step 2 is run much faster as compared with the case where all slices are saved in a 
single file. After the completion of the slicing process, a set of vectors becomes available in each 
z increment. These vectors are not connected and are not in sequence. 

In the machine path generation process, the software starts from one vector and tries to 
find the next connected vector to this vector. Then it does the same for the newly found vector 
until it reaches the start point of the first vector (in the closed loop cases) or finds a vector with 
no leading attachment (in faulty STL files containing disconnections). To sort the vectors, the 
algorithm reads one vector at a time fi-om a slice file and writes it to another file. This file is 
either path file, when vector is connected to previous vector, or temp file, when the vector is not 
connected to the previous vector. Therefore, the sorting process does not need a large amount of 
memory to sort the data, and there is no limitation on the number of vectors in a slice and on 
input file size. In addition, unlike many other slicing algorithms that cannot handle 
disconnections caused by faulty facets (Leong et al. 1996), this algorithm can generate a machine 
path even with disconnection errors in the STL file. At disconnection instances the system sends 
a message to a log file and turns the printer off and starts fi-om a new vector. Also for each 
selected vector the possibility of hatch intersection points are investigated. 

At the end of the path generation process for one slice, the hatch intersection points are 
sorted and written into a machine path file. After the arrangement of all vectors in one slice (z 
increment), the process starts the arrangement of the vectors of the next slice. This process is 
continued until all vectors in all slices are sorted. 

Three subroutines are called in the machine path generation algorithm. The first 
subroutine is for finding the intersection points of every line and horizontal and vertical hatch 
lines. According to the algorithm, every line which is written to the output file is called in the 
following subroutine to find and save the intersection point(s) of the line with the hatch lines. At 
the end of formation of the boundary path, all intersection points are sorted in ascending and 
descending orders for every other line. The last step of the algorithm is setting the print/no print 
command for the hatch lines. 

Slicing and machine path generation algorithms have been implemented in the C 
programming language. The software has been successfully tested for several medium and large 
STL files up to 200 MB on different PCs and laptops. 

Figures 3 and 4 show the algorithm implementation as presented by the path simulation 
module of the system. 
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Figure 3. Visualization of the CAD model and the machine path in the AutoCAD environment 
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Figure 4. Visualization of two slices of the machine path in the AutoCAD environment 

4-  Material selection 
Two types of materials are used in the SIS process: Powder and Inhibitor. Several 

affecting factors in the SIS process will remain constant by determining and using a specific 
powder and inhibitor for this process. In addition to the technological requirements for the 
selected materials, these materials should also be non-toxic, easily accessible, and relatively 
inexpensive. 

4-1 - Polymer selection 
Conducted experiments showed that many polymers (e.g., polystyrene, polycarbonate, 

polyester), depending on the desired properties of the final part, can be used in the SIS process. 
The only exception was polyamide (DTM), where the glass transition point is very close to the 
melting point. However, each polymer requires the appropriate setting. Based on conducted 
experiments polystyrene polymer was the most appropriate polymer for making high quality 
parts (e.g., sharp edges, good attachment between layers, and low deformation). Also, according 
to a discussion with a Degussa researcher, Degussa is able to make customized polymers (e.g., 
with specific melting point, shrinkage, deformation, and strength) based on customers' needs. 
Therefore, many of the experimental limitations (e.g., part deformation) can be solved through 
material customization. 
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4-2- Inhibitor liquid selection 
As the name implies, inhibitors are used to prevent the selected powder particles from 

sintering. Inhibition of sintering can be achieved through different phenomena. Regardless of 
the type of liquid, impact cutting and cooling phenomena are observed. Denser (heavier) liquids 
have more effective impact cutting. Liquids with high specific heat and evaporation energy 
constants have a more effective cooling phenomenon. Several liquids including water, isopropyl 
alcohol, commercial cleaning agents, organic solvents, light lubricating oils, mold release agents, 
and various silicone liquids were tested as candidates for the sintering inhibitor. They 
demonstrated no obvious inhibition phenomena other than impact cutting and cooling. 

In addition, depending on the specific inhibitor chemical and physical properties, some 
other inhibition effects may be added to the list of inhibition phenomena. Inhibitor reaction with 
the polymer and separation phenomenon are two such effects. 

There are several materials that can dissolve polymers. Dichlorobenzene (C6H4CI2) and 
butylbenzene (C6H5(CH2)3CH3) are two examples. However, because of the toxic nature of the 
former and the destructive role of both in the printer head system, their application for the 
fabricated Alpha machine was impossible. In addition, polystyrene reacts with oxygen at high 
temperatures and in the presence of hydrogen peroxide, and hence inhibition occurs in the treated 
areas. However, it could not be demonstrated in the SIS process. Applying hydrogen peroxide as 
the inhibitor was successful for the low temperature sintering process (brittle or semi powdery 
parts), but for highly sintered parts the inhibition was not working at an acceptable level and 
removing parts from the surrounding materials was impossible. 

Another phenomenon for the inhibitor can be separation between polymer particles to 
prevent them from joining to each other. Applying this idea has had the most successful results. 
In this phenomenon a soluble salt is printed as the inhibitor. After layer sintering and liquid 
evaporating, a thin layer of salt will remain in the selected area (Figure 5). At the end of the SIS 
process, this wall can be dissolved and washed away by water (Figure 6). A little alcohol is 
added to water to reduce the surface tension of the water. This enables water penetration into the 
solid block. Because of the weak powdery bounding between polymer particles in the selected 
area, the final part can be easily extracted from surrounding material. Potassium iodide (KI) has 
high solubility (135 gr/100 gr water) and a high melting point (635 o C). A saturated aqueous KI 
solution has been successfully used for many part fabrication experiments. 
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Figure 5. Water evaporation in the selected area 
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Figure 6. Washing the salt to extract the part 

5-  Physical and mechanical part quality improvement 
Several properties (i.e., strength, surface quality, and dimensional accuracy) are 

important for the parts fabricated by the SIS process. Also, many different process operating 
conditions (factors) influence these properties. Statistical tools have been applied to improve the 
desirable properties of the parts fabricated by the SIS process. Initial attempts to simuhaneously 
optimize all the responses for the SIS process produced several runs with missing data 
(immeasurable parts that were very brittle), and hence difficulties in applying statistical analysis 
tools. Consequently, it was decided that a region of operating conditions that provide acceptable 
part strength should be identified prior to investigation of conditions that improve surface quality 
and dimensional accuracy. Part properties improvement started with an investigation of part 
strength using Response Surface Methodology (RSM) and a region of acceptable operating 
conditions for the part strength was found. Then, by using RSM, the impact of the factors on the 
final part surface quality and dimensional accuracy (for x,y, and z directions) is modeled. After 
developing a desirability fiinction model, process operating conditions for maximum desirability 
are identified. Finally, the desirability model is validated. Figure 7 illustrates the roadmap for 
this research. 
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Figure 7. Roadmap for the SIS process properties optimization 

5-1- Part geometry 
A sample block with dimensions 45 x 20 x 6 mm was selected as the base part geometry 

for the experiments. Settings of the layer thickness factor produced specimen parts with differing 
numbers of layers; therefore, different machine path files were generated. 

Figure 8. Base part 

5-2- Part strength test 
In the previous research (Asiabanpour, B., Palmer, K., Khoshnevis, B., 2003) the 

transverse rupture strength test, the standard basis for measuring the strength of the low ductility 
powder metallurgy materials (ASTM B528), was used as the response measure for the 
experiments (Figure 9). 

# 
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Force Indicator 

Part 

Figure 9. Part breaking mechanism 

Then, a mathematical model of part strength versus effective factors was developed and 
region of acceptable operating conditions for the part strength (part strength > 50 oz) was found. 

5-3- Part accuracy responses 
Minimum deviation between fabricated part dimension and CAD model dimension was 

selected as one of the part accuracy criteria. To measure the deviation, each axis (X, Y, and Z) 
was studied separately. For finding deviation of each axis, length (X), width (Y), and height (Z) 
values of the fabricated parts were measured using a caliper. Then, deviations from CAD model 
dimension were calculated as the error percentage. For example, deviation in the X axis was 

jr-45 
calculated through E^ = xlOO , where Xis the measured length of the fabricated part. 

By observation of the fabricated parts fi-om the previous experiments it was noticed that 
some of the parts had been made with noticeable shift in the X axis direction. To minimize such 
a defective property, layer shifting in the X axis direction was selected as another part accuracy 
response (named shift_X). Shift_X (total shift in X axis direction between first and last layer) 
was measured by a caliper in mm (Figure 10). 

Figure 10. Shift_X 

5-4- Surface quality response 
Laser scanning systems are used to produce high precision surface quality evaluation. 

Mike Shellabear (1999) performed an extensive surface quality comparison between many 
commercial rapid prototyping systems. For surface quality measurement, he used a Zeiss Laser 
Scanning Microscope (LSM), which has a quoted accuracy of 0.2^m in X and Y directions and 
0.6^m in Z direction. 

In this research, a rating system was used as a low cost alternative to evaluate the part 
surface quality. For this purpose, ten sample parts with different surface qualities were selected 
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and assigned a rating between 1 and 10 to indicate the worst to the best surface quality. Then, all 
fabricated parts were rated by comparison to the selected sample parts. 

For precise rating, four boundary sides of each part are studied individually (Figure 11). 
Each side is rated based on three major properties: holes made of the accumulated salt (due to 
over printing), sharpness of the edges, and smoothness of the surfaces. At the end, an average 
value resulting from the 12 ratings (4 sides x 3 properties for each side) is assigned as the part 
surface quality rating (Table 1). 

Surface 
holes 

Edge 
imperfection 

Figure 11. Part breakdovm for surface quality rating 

Part Sidel Side 2 Sides Side 4 Part grade 

No. Edge Smoothness Holes E S H E S H E S H Sum/12 

K 6 8 5 4 5 6 5 5 5 9 2 6 5.5 

K+1 ... ... ... ... 

5-5- Factor identification & classification 
Because of the similarity between factors that were expected to be effective on surface 

quality and factors that were expected to be effective on dimensional accuracy, a common list of 
eight factors was selected to be used in the new experiment. Based on previous experiences and 
preliminary experiments, eight factors are considered for statistically designed experiments. The 
list of factors includes two factors related to powder compaction, three factors related to inhibitor 
printing, and three factors related to sintering. Figure 12 illustrates the selected factors in the 
IDEFO graph. 
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Figure 12. IDEFO hierarchy for the SIS process and selected factors for statistically designed 
experiments 

5-6- Design of experiments and analysis of result 
Experimental design was implemented to characterize the SIS process in terms of how 

input parameters affect the part surface quality and dimensional accuracy. The data set of 
designed experiments was used to develop mathematical models to show the responses behaviors 
versus the factors. Five mathematical models were developed for part accuracy (Ex, Ey, Ez, 
Shift_x) and surface finish measurement. 

5-7- Desirability function 
Review of the developed regression models revealed the need for compromise in 

selection of factor settings. Each of the factors is involved in at least three of the models. 
Performance trends with respect to the factors are difficult to identify because of the inclusion of 
several two-factor interaction effects. Obviously, it is plausible that an increase in the value of 
one factor might produce a more favorable result for one response but would produce a less 
favorable result for another response. It is necessary to balance the responses to achieve overall 
desirable performance. A multi-response optimization technique is needed. We use a 
desirability function for this purpose. The general form of the component desirability fimction 
for each response is shown in Figure 13. The response value labeled b in Figure 13 represents the 
target quality. This response value corresponds to the maximum desirability id=\). In theory, the 
response values labeled a and c represent the limits of acceptability. For each response a 
desirability function was defined. The goal, of course, is to improve desirability for all of the 
responses. Then, a composite desirability fiinction is generated by use of a geometric mean. To 
develop a mathematical model for the relationship between the factors and the composite 
desirability function, the individual response models were used to predict the response values 
over a grid of locations in the factor space. Finally, the composite desirabilty was calculated and 
a regression model is built for this new response. 
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Desirability 

a     b c 
Figure 13. General form of the component desirability function 

Canonical analysis and ridge analysis (Myers, R., and Montgomery, D., 2002) were used 
to find the optimum point for the mathematical model of desirability function. 

Finally, the developed model was validated. To validate the model, 3 additional sample parts 
were fabricated. All five responses were measured for each part and average resuhs were 
calculated for set of three parts. For each response, the individual response models were used to 
calculate 95% prediction intervals for the average of three values. All five of the actual averages 
fall within their respective prediction interval. These results indicate that the models are valid. 

6- Physical part fabrication 
Several 2.5 and 3D parts have been successfully fabricated by the SIS process using the 

machine and hatch path generation system. Figures 14 and 15 illustrate some of the fabricated 
parts. 

Figure 14.2.5D Parts fabricated by the SIS process 
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Figure \5.3D Parts fabricated by the SIS machine 

7- Vision for future research 
Resuhs from research indicate a very promising future for the SIS process. SIS will be a 

strong competitive process against current RP commercial processes because of its ability to 
apply a variety of materials, as well as its accuracy, cost, speed, and ability to build functional 
part. However, many issues related to the SIS process should be studied and investigated. The 
multidisciplinary nature of the SIS process development opens a wide variety of areas for future 
work. 

Hardware issues 
Several changes in the original SIS machine structure could result in process 

improvement. Applying inkjet printer instead of a single nozzle printer makes the system much 
faster and more precise. Also, a larger build tank provides the ability to fabricate larger parts. In 
addition, improvement in heater system can cause more uniform layer thickness and 
consequently resuh in more accurate parts. 

CAD/CAM issues 
Current machine path development is specialized for the single nozzle printer. In case of 

applying inkjet printer, a CAD/CAM system is required to produce raster image, which includes 
boundary path and hatch pattern. Raster images can also provide data for multi-color printing to 
make multi-color parts. 

Material issues 
This research has focused on a limited number of polymer powders. Based on required 

part properties, many other polymers should be usable. The SIS process is also expected to be 
applicable to metallic powders. We are currently investigating the use of iron and aluminum 
powders. These powders may require the use of inhibitors that capitalize on inhibition 
phenomena other than particle separation at the microscopic level. For example, inhibitors that 
produce chemical reactions with the powder, or those that produce particle separation at the 
macroscopic level. Finding appropriate inhibitors to allow use of powders that produce a variety 
of part properties is a broad area of research. 

Powder compaction issues 
The fabrication of uniformly dense parts can be facilitated by compaction of the powder 

prior to sintering. This is especially true for metallic powders. However, the presence of the 
inhibitor in the powder layer complicates the description of compaction, specifically in terms of 
the dimensional stability of the layer. The extension of existing powder compaction models 
(ABAQUS 1997; Tran, et. al. 1993; Chenot, et. al. 1990) to the case of compaction for powder 
layers containing 'interior walls' of inhibitor material remains an open area for future work. 
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Powder waste reduction issues ^ttk 
Various means should be devised and studied for powder waste minimization. A ^jj^ 

combination of hardware and software approaches can significantly reduce powder waste in SIS 
and hence these approaches provide promising future research directions. 

Process optimization issue 
A systematic approach was explained in this thesis to optimize the process settings. 

However, all related factors were not considered in the statistically designed experiments. 
Consideration of other factors (e.g., material related factors) as well as application of other 
optimization methods (e.g., Taguchi) may lead to more realistic models. 
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Abstract 

A solid freeform fabrication technique is described where powder is deposited layer by 
layer using electrophotographic printing. In this process, powder is picked up and 
deposited using a charged photoconducting surface and deposited on a build platform. 
The paper describes a test bed that was designed and constructed to study the application 
of electrophotography to solid freeform fabrication. It can precisely deposit powder in the 
desired shape on each layer. The electric field required to transfer the powder on to the 

platform (or onto previously printed layers) was studied. A polymer toner powder was 
used to build small components by fusing each layer of printer powder using a hot 
compaction plate. 

1. Introduction 

Solid Freeform Fabrication (SFF) technologies are manufacturing / prototyping 
technologies that are characterized by layer-by-layer addition of material to fabricate 
components. These techniques are also known as layered manufacturing and rapid 
prototyping [1]. The layer-by-layer building approach allows significantly more complex 
parts to be built in one fabrication step than was previously possible thus simplifying 
process planning. SFF technology therefore can automate the process planning and 
fabrication of a part under computer control so that the only input needed is a solid model 
of the part. 

Over the last decade many different technologies for Solid Freeform Fabrication have 
evolved. Broadly, the SFF techniques available currently can be classified as 
stereolithography, solid fusion and solidification, laminated object manufacturing, and 
powder based techniques. The stereolithography technique [2] selectively solidifies a 
liquid photopolymer while solid fusion and solidification [3], [4] fuses/melts the material 
and deposits it layer by layer. The laminated object manufacturing technology [5] cuts 
out laminates from sheets of part material and glues or fuses them together. In all these 
methods of SFF, special support structures are needed to support overhanging features of 
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the part. The two main powder-based techniques that have been commercialized are 

Selective Laser Sintering and 3D printing. For powder based methods no support 

structures are typically required to create complex shapes. Powder is selectively 

consolidated into a part and the remaining powder can be removed. In the SLS process 

[6], a thin layer of powder is deposited in a workspace container and the powder is then 

fused together using a laser beam that traces the shape of the desired cross-section. The 

process is repeated by depositing layers of powder thus building the part layer by layer. 

In the 3D printing process [7], a binder material selectively binds powder deposited in 

layers. Ink-jet printing technology is used to print the binder in the shape of the cross- 

section of the part on each layer of powder. 

Electrophotographic Solid Freeform Fabrication (ESFF) [8], [9], [10] is also a powder 

based freeform fabrication technology that builds parts by printing powder layer-by-layer 

using electrophotography process [11]. The electrophotography process is used in 

photocopiers and printers to print toner powder on paper. This technology is capable of 

printing powder with high accuracy and resolution. Each layer of powder is printed in the 

shape of the cross-section. Two different processes for using electrophotography for SFF 

are described in this paper. In the first approach the part powder is printed layer by layer 

in the shape of the cross-sections of the part and thermally fused to previous layers. In the 

second approach, a part powder is first deposited uniformly by spreading a thin layer of 

powder using a roller and then a binder powder is electrophotographically printed in the 

cross-sectional image. This process is similar to 3D printing except that the binder is in 

powder form and printed using electrophotography. The binder is then thermal fiised so 

that it diffuses into and binds the part powder. The challenges associated with printing 

powder for these two approaches were studied experimentally on a test bed. This test bed 

was designed as a flexible experimental platform to study layer by layer 

electrophotographic printing. 

The design and working principle of the ESFF testbed is described in section 2. Using 

this test bed powder, parts can be built directly by printing part powder layer by layer as 

described in section 3. A technique for printing binder powder on a bed of part powder is 

described in section 4. 

2. Description of tlie test-bed 

An ESFF test bed was built that enables layer-by-layer deposition of powder using 

electrophotography technology. This test bed consists of an electrophotographic printing 

system, an automated two axes deposition/build platform and control system as well as a 
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thermal fusing and compacting system, all mounted on a structural frame. A model of the 

system is shown below in Fig. 1. 

Compacting system 

Printing system 

Automated Build Platform 

Motion System 

Heating system 

Figure 1: Model of the ESFF machine 

A belt driven linear actuator moves the build platform in the horizontal (or x-) 
direction while a lead screw driven linear actuator moves the platform vertically (z- 
direction). Both the actuators are driven by servo-motors controlled by a digital control 
system. The printing system prints powder on the build platform as it passes below the 
printer. The cross-sectional images to be printed are computed by software that runs on a 
PC and can read in the solid model of the part to be fabricated in the STL format. The 
powder that is printed on the build platform is compacted and fiised by the compacting 
system which is a heated non-stick plate mounted on a rigid frame. 
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The most important sub-system of the test bed is the electrophotographic printing 
system. Figure 2 shows the schematic diagram of the electrophotography engine used in a 

desktop laser printer from which components were taken to build the printing system for 
the test bed. The photoconducting drum is an aluminum drum that has a coating of 
photoreceptive material which is non-conductive in the dark and conductive when 
exposed to certain wavelength of light. When the drum rotates its surface is cleaned by 
the cleaner blade and then charged by the charging roller that is made of a conducting 
polyurethane on which a DC biased AC voltage is applied. The uniformly charged 
surface of the drum is selectively discharged by the laser image scaimer that projects a 

UV laser on the drum surface. The region on the surface of the drum that is exposed to 
the laser beam becomes conductive and therefore gets discharged. A latent image is thus 

formed on the surface of the drum consisting of the discharged areas. 

Laser Image Scanner 

Charging roller 

Photoconductor drum 

Cleaner blade 

AC bias 

DC bias 

Build platform 

Powder cartridge 

Developing roller 

Cylinder magnet 

Figure 2: 

Image Developer 

Schematic of the electrophotographic printing system 

The latent image is converted into a real image when powder is electrostatically 
attracted (or developed) on to the discharged regions of the drum from the image 
developer. The image developer consists of the powder cartridge and the developing 
roller shown in Fig. 2. The developing roller is a hollow metallic roller which encases a 
cylinder magnet. The powder is magnetized so that it sticks to the developing roller. As 
this roller rotates a thin layer of powder squeezes out between the doctor blade and the 
roller. A DC biased AC voltage is applied to the roller to print this powder on to the 
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photoconductor drum. The powder is electrically charged to the same polarity 
(negatively) as the surface of the drum so that the powder is only printed on to the 
discharged areas due the electric field between the developing roller and the 
photoconductor drum. 

The image developed on to the photoconductor surface is transferred to the printing 
surface or the build platform of the test bed. A positive charge is applied to the surface of 
the platform. The field generated by this charge attracts the negatively charged powder on 
the surface of the drum to the surface of platform, and thus the real image on the drum 
surface is transferred to the platform surface. The control system synchronizes the 
printing with the platform motion. The platform is moved at a velocity equal to the 
tangential velocity of the drum so that there is no relative velocity between the two 
surfaces as the image is transferred from the drum to the platform. 

3. Direct part printing 

The test bed described above has shovm the feasibility of printing powder layer by 
layer using the electrophotography method. As mentioned earlier, one method for 
implementing solid freeform fabrication is to print part powder layer by layer in the shape 
of the cross-section and then fusing the printed powder to previous layers. This approach 
has been referred to here as direct part printing. A polymer powder consisting of styrene 
with various additives, including ferrous oxide to magnetize the powder, was used for 
printing. The particles in the powder were approximately 5 microns in size. The surface 
to be printed on was charged using a corona charging device and a constant DC voltage 
of lOOOV was applied to the aluminimi build platform to enable transfer of the image 
from the photoconductor drum to the build platform. The layer thickness is dependent on 
particle size as well as parameters such as charge per unit mass of powder, speed ratio 
between photoconductor drum and developer roller etc. 

The electric field between the photoconductor drum and the print surface was 
computed using Gauss's law as follows [12]: 

V P^ ^^ ^^ ^    I A  \ 
2{pa)= 2Kieo       2K2E0       2K3eo   KIEQ ^J-J 

K2 
\^K,    K2    K3 

In the above equation, VDC is the potential applied to the build platform, p is the height 
of the part (or previously printed layers), da is the thickness of the fresh powder layer, ds 
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is the thickness of the photo-conducting layer. Ki, K2 and K3 are the relative permittivity 
of the fused powder layer, fresh powder layer and photoconductor material respectively, 
p,, P2 and P3 are charge per unit volume in the fused powder, fresh powder layer and the 
photoconductor layer respectively and £„ is the permittivity of the air. a^ is the charge 

per unit area deposited on the print surface. The equation shows that the field strength 
decreases with part height p, if the surface is not charged (%=0). Residual negative 

charge on the fused layers of powder (p, <0) also can significantly decrease the electric 

field strength available for image transfer. 

Figure 3 shows small parts built using the test bed. The parts were built simultaneously 
by printing powder over a thin layer of polymer sheet covering the aluminum platform. 
The parts are approximately 1 mm tall and took about 200 prints of polystyrene based 

powder. The print thickness is larger for the first few prints and then decreases to an 

average rate of approximately 5 microns per print. This low rate of printing can be 
improved by more efficient removal of residual charge from the previously printed layers 

and by increasing the charge density deposited by the corona charging device. 

Figure 3: Parts made by the test bed 

The printing system used in the test bed is capable of achieving up to 600 dpi. 
However, the accuracy and finish of the parts made using the process also depends up on 
the accuracy with which subsequent layers can be aligned over each other. Another factor 
that affects the part accuracy is the distortion that occurs during the fiising and 

compaction after each layer is printed. 

• 
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4. Binder printing on part powder 

An alternative way to build parts using electrophotography is to print a binder powder 

on uniformly deposited part powder as is done for 3D printing. The binder powder can 

then be fused thermally so that it diffuses into the part powder and binds the part powder 

together up on subsequent cooling and solidification. The success of this concept depends 

on the ability to deposit thin uniform layers of part powder and the efficiency with which 

the binder powder can be transferred on to the part powder bed. It is not feasible to 

transfer powder directly from the photoconducting drum on to previously deposited part 

powder bed because the charged regions of the drum will pick up some part powder. In 

other words, during the transfer process the part powder will get picked up by the 

photoconductor drum instead of the binder powder being printed from the drum to the 

powder bed. This can quickly damage the photoconductor especially if the part powder is 

abrasive. To protect the photoconductor drum and to minimize part powder reverse 

printing it is necessary to use either a transfer roller or a transfer belt. The ideas is that the 

binder can be first printed on to an intermediate transfer device and then subsequently 

transferred fi-om this device to the part powder bed. Figure 4 shows the concept 

schematically where a transfer roller is shown between the photoconductor and the build 

platform. On the right an equivalent parallel plate model for the interface between 

photoconductor drum and transfer roller as well as the interface between the transfer 

roller and the print surface. 

Photoconductor 

'Toner layer 

DC voltage to the build 
platform 

'hotoconductor drum 
Photoconducting coating 
powder layer 
transfer roller coating or air gap 
Transfer roller 

Transfer roller 

Transfer roller coating or air gap 
Fresh layer 
Deposited layers 
"^uild platform 

Figure 4: Parallel plate analogy for transfer device arrangement 
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, Electric field is required at both interfaces to enable transfer of powder. A conductive 
(aluminum) drum was used as the transfer roller. The electric field for transfer can be 
created by applying a voltage to the build platform or by charging the top layer of the 
powder bed. Since the transfer roller is conductive its voltage is constant and the electric 
field created at one interface is transmitted to the other interface. The transfer roller 
rotates such that it has the same tangential velocity as the photoconductor drum so that 
the image can transfer from the photoconductor to the transfer roller. Similarly the build 
platform moves at the same velocity as the tangential velocity of the transfer roller to 

enable undistorted transfer of the image from the transfer roller to the platform. 

If the part powder is metallic (conductive), it tends to get charged by the electric field 
and jumps back and forth between the transfer roller and the powder bed creating a 

powder cloud as shovra in Fig. 5. The reason for this powder oscillation is that the 

powder particles are conductive and therefore loose their charge and get reversely 
charged due to the field as soon as they contact the transfer roller or the drum. This 
oscillation causes many problems including poor transfer of binder powder as well as 
distortion of the image. If the drum is covered with a thin insulator layer then the 
particles cannot loose charge to this layer and sticks to it resuhing in reverse printing. 
Therefore this approach appears to be infeasible for conductive part powders unless some 
other means is used to hold down the part powder, such magnetic force if the part powder 

is magnetic. 

Chflfqifig rol l«r 

v« lojiraenf  rol Irr 

radiice  roller  clecinini) 

i\t  powder  bok 

Trnnsfcr  roll«r 

Powder cloud 

Figure 5: Transfer roller system with conducting part powder bed 
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For non-conductive part powders, the top surface of the powder bed must be charged 
to facihtate (or create the necessary field for) transfer of the binder powder. The charged 
particles on the surface need to be held down so that they do not get picked up by the 

transfer roller. Figure 6 shows a polystyrene binder powder printed on a ceramic 
(alumina) powder bed. The powder bed was created by spreading a layer of the ceramic 
powder uniformly and then it was compacted to impart green strength in order to 
minimize reverse printing. A thin polymer (insulator) cover was glued over the transfer 
roller to minimize chances of sparking between the photoconductor drum and the roller. 

Figure 6: Toner powder on insulating alumina powder bed 

In Fig. 6, the black binder powder is printed on alumina (white) powder bed. The 
white spots within the printed image were caused by reverse printing where the alumina 
powder was picked up by the transfer roller instead of the binder getting printed on the 
alumina powder bed. Another problem with this approach is that if the binder is too 
viscous after melting it may not diffiise into the part powder deep enough to ensure 
proper bonding between layers. 

5. Conclusions 

A test bed for studying electrophotographic solid freeform fabrication was built and 
used to show the feasibility of printing powder layer by layer in the shape of the cross- 
sectional images of a part to be fabricated. The test bed was fiilly automated and 
controlled from a program that reads in a solid model of the part, computes the cross- 
sectional images and prints them layer by layer on to a build platform. This approach 
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appears to be a feasible method for rapid prototyping small polymer components. 3D 
printing was also attempted by printing polymer binder electrophotographically on a 
ceramic powder bed. It was necessary to use a transfer roller to print the binder powder. 
The transfer roller can not prevent reverse printing but it protects the photoconductor 
drum from damage. Printing binder powder for 3D printing has other disadvantages that 
traditional 3D printing does not have including the need for melting the binder and poor 
bonding between layers. Direct part printing on the other hand appears to be a promising 
approach for building tiny components as well as for constructing heterogeneous parts if 
multiple powders can be printed layer by layer. However, further research is required to 

develop technology for reliably charging and printing a variety of powders including 
ceramic and metallic powders. This work is currently in progress and initial results have 

been encouraging. 
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Abstract 

Our research investigates the special characteristics of femtosecond laser processing for 
microfabrication. The ultrashort pulse significantly reduces the thermal diffusion length. As a 
result, material is removed more efficiently with little damage to the surrounding feature volume. 
Currently, we are exploring the basic mechanisms that control femtosecond laser processing, to 
determine the process parameter space for laser processing of metals to address manufacturing 
requirements for feature definition, precision and reproducibility. One of the unique aspects to 
femtosecond radiation is the creation of localized structural changes. By scanning the focal point 
within a transparent material, we can create three-dimensional waveguides. 

This paper will describe our resuhs to explore femtosecond laser ablation for laser 
processing of metals and glasses. We will discuss the effect of laser parameters on removal rate, 
feature size/definition, aspect ratio, material structure, and performance. Examples of 
component fabrication in metals and glasses will be shovra. 

Introduction 

At Sandia National Laboratories, miniaturization dominates future hardware designs, and 
technologies that address the manufacture of micro-scale to nano-scale features are in demand. 
Currentlv, Sandia is developing technologies such as photolithography/etching (e.g. silicon 
MEMS) , LIGA^ micro-electro-discharge machining (micro-EDM)^ and focused ion beam 
(FIB) machining'* to fulfill some of the component design requirements. As in the macro world, 
no one micro- or nano-scale process can do it all. Some processes are more encompassing than 
others, but each process has its niche, where all performance characteristics cannot be met by 
one technology. For example, micro-EDM creates highly accurate micro-scale features but the 
choice of materials is limited to conductive materials. With silicon-based MEMS technology, 
highly accurate nano-scale integrated devices are fabricated but the mechanical performance may 
not meet the requirements. Femtosecond laser processing has the potential to fulfill a broad 
range of design demands, both in terms of feature resolution and material choices, thereby 
improving fabrication of micro-components. One of the unique features of a femtosecond laser 
is the ability to ablate nearly all materials with little heat transfer^ and therefore melting or 
damage, to the surrounding material, resulting in highly accurate micro-scale features. 

For many years, Sandia has been involved in the development of laser-based rapid 
prototyping (RP)^ and direct fabrication technologies'"^ to build prototype parts, as well as small 
lot production components. The significant aspect of these technologies is the utilization of a 
computer model, sliced into two-dimensional cross-sections, to drive the fabrication process. 
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where a part is fabricated layer by layer to create the three-dimensional shape. For example, we 
use these models to routinely fabricate polymeric three-dimensional representations for design 
verification and, in some instances, fabricate patterns for investment casting to obtain a metal 
component. Instead of using secondary processes, such as investment casting, to fabricate the 
final metal part, Sandia has developed a laser-based metal fabrication technology, known as 
Laser Engineered Net Shaping (LENS®)^, to directly fabricate the metallic component. These 
technologies have greatly enhanced our ability to quickly fabricate parts but the size regime is 
typically on the macro-scale. The RP polymeric-based technologies are now scaled to the micro 
level but their properties do not typically meet the performance requirements of components that 
are of interest to Sandia. The LENS® process can produce parts down to the mm-scale but no 
smaller due to processing constraints. 

At present, Sandia is developing a femtosecond laser micro-fabrication capability to 
expand into the micro-scale size regime for metals and glasses. We hope to produce accurate, 
reliable micro-components. To facilitate adoption of this technology in the manufacturing 
environment, further understanding is required to ensure routine fabrication of robust 
components with desired material properties. This requires understanding and control of the 
material behavior during part fabrication. This paper describes our initial research to understand 
the ablation process of stainless steel to determine the correct path sequencing to drive the 
process in order to fabricate components with clean surfaces and accurate features. The paper 
will also describe our work to understand the modification of glass structures and control of this 
phenomenon to fabricate waveguides and other photonic device based features. 

Experimental Setup 

Figure 1 is a photo of our femtosecond laser micro-fabrication system. We are using a 
Hurricane femtosecond laser from Spectra-Physics. This laser provides a small footprint which 
is more amenable for the manufacturing environment with the following characteristics: 800 nm 
wavelength, 120 fs pulse width, 1 KHz frequency, up to 1 mJ energy, and approximately 4 mm 
output beam. This beam is transferred to the working envelope by a series of mirrors and is 
focused with a microscope objective. The beam is focused onto the working surface and X-Y 
stages manipulate the geometry in the plane, whereas the microscope objective is mounted to a Z 
stage to manipulate the beam position. 

Figure 1. Sandia's femtosecond laser micro-fabrication system. 
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Stainless steel 304L foils were used for the metal work. Typically, 50-200 micron thick 
foils were used. The foils were mounted into a picture frame holder, where features ablated 
through thickness easily fall out of the foil for analysis. A 20X objective was used resuhing in a 
minimum spot size of 60 microns at 975 mW. Smaller spot sizes are easily obtainable, but for 
this work a larger spot size was used to aid in understanding the ablation process. Full power 
(975 mW) was used for most studies. Since this work involves the utilization of traditional RP 
techniques, effects of travel velocity, layer decrement, and geometric features were studied. 
Sandia-developed software was used to define the path sequence for part fabrication. Simple 
machine language (M and G codes) was used for initial parameter studies. Ablated features were 
analyzed by optical and scanning electron microscopy. Width and depth of features were 
measured by interferometry techniques. 

When our femtosecond laser was used to modify the local glass structure, the power of 
laser beam had to be reduced to prevent optical damages to the glass. The energy of the beam 
was first reduced by rotating a half wave plate together wdth a thin film polarizer along the beam 
path. Further energy reduction was accomplished by the use of neutral density filters. The glass 
used in this evaluation was a thermally treated chemical vapor deposited (CVD) amorphous 
quartz (Quartz International, Albuquerque, NM). The laser beam was directed through a long- 
working-distance microscope objective (Mitutoyo, NIR 20X, NA = 0.40) and focused into the 
polished glass approximately 500 to 750 ^m below the surface. Typical laser energy per pulse 
used in this investigation was controlled between 0.45 to 0.9 ^iJ. The samples were scanned 
perpendicular to the focused fs laser pluses at a rate of 20|xm/s to create micron-sized lines inside 
the bulk glass. The optical properties of these scanned lines were studied using near-field and 
far-field techniques. Light scattering in these modified regions (waveguides) was determined by 
image analysis of light intensity decay along the beam direction, using a digital camera. Laser- 
induced birefringence was characterized by using a Dalsa CA-D1-0128T camera attached to an 
Olympus transmitted light microscope (BH-2) with samples between crossed polars on a rotation 
stage. Digital signals from these images were processed using a National Instruments PCI-1424 
digital image capture card and software vmtten in Lab VIEW G code. 

Results in Metals 

A. Ablation Properties 

For complex part fabrication, we will need to process parts in a layered manufacturing 
approach. Much of our understanding of ablation with respect to velocity and layer decrement 
for stainless steel can be found in the following reference'". By utilizing a layered 
manufacturing approach, a three-dimensional shape is represented by two-dimensional cross- 
sections where each cross-section is represented by a raster pattern. There are two choices for 
volumetric material removal: 1) fast travel velocity and smaller layer decrement or 2) slow 
travel velocity and larger layer decrement. Processing speed is of great importance in the 
manufacturing environment, but so is final part resolution and cleanliness. For this work, all 
studies were done in air, where it is generally more difficult for the species to ablate away from 
the surface resulting in redeposition onto the sidewalls or top surfaces. It is beneficial to process 
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in air for a variety of factors from simpler equipment (no vacuum/gas handling equipment) to 
easy sample exchange. Other researchers have found techniques'' to provide good feature 
definition without species redeposition while processing in air. Appropriate techniques will be 
incorporated into our system in the fiiture. 

In order to correctly choose the layer thickness and raster width (known as hatch) we 
need to understand the effect of velocity on feature width and depth. Initially, single lines, 10 
mm long, were drawn at various velocities and their width and depth measured using 
interferometry. A foil thickness of 50 microns was used for this study. Figures 2a and 2b show 
the measured ablated depth and channel width. As expect, the depth decreases as the velocity 
increases from 46 microns to 5 microns for a change in velocity from 0.4 mm/s to 3.4 mm/s. At 
slower velocities, one would expect the channel width to match closely to the minimum spot 
size, 60 microns, and decrease in width as the velocity increases. In Figure 2b, the data shows 
this general trend within error. Inconsistencies are most likely due to species redeposition 
thereby adding measurement error depending on the efficiency or inefficiency of removal. 

Velocity (mm/s) 

Figure 2. Ablated depth (a) and channel width (b) for lines processed at four travel 
velocities at 975 mW.   A 50 |iim foil thickness was used in this study. 
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B.  Components 

With the knowledge of depth and width at various velocities, complex shapes were tried. 
For manufacturing speed, it would be best to utilize the greatest decrement possible, or try to 
match the 46 micron cut shown in the previous section. Since Figure 2A shows a dramatic 
change in depth for a small change in velocity at low travel speeds, a decrement value of 25 
microns was chosen at a speed of 0.4 mm/s. Figure 3 shows the resuhs for a comb-like geometry 
that was cut into a 200 micron think SS304 foil. Comb arms are 200 microns wide with 250 
micron spacing. The comb geometry is reasonably accurate dimensionally, but as the figure 
shows, there is a large amount of recast material along the sidewalls. Furthermore, it took twelve 
passes to ablate through the thickness or a discrepancy of 100 microns. This discrepancy can be 
explained by the ablation energy being utilized to remove old material that has recast within the 
channel. 

Figure 3. Comb geometry fabricated at 0.42 mm/s with 25 micron layer decrements. 

In contrast, Figure 4 shows clean and accurate features for a ratchet gear fabricated with 5 
micron decrements using a travel velocity of 1.7 mm/s. The gear was cut through a 100 micron 
thick foil in 18 passes, or 90 microns, resulting in a more efficient process where energy is 
directly utilized to cut features. Even though the gear was cut from a 100 micron foil, it is 
apparent that the small layer increment is better for part fabrication. For this parameter set, the 
particles can volatize away from the channel without heavy plasma shielding or increased 
particle-particle collisions. 

54 



Figure 4. Ratchet gear fabricated in 100 micron thick SS304 foil using the following 
parameters: 1.69 mm/s travel velocity and 5 micron layer decrement. 

Results in Glasses 

A.  Structure Modification 

When an intense femtosecond laser pulse is focused inside bulk glass, the intensity in the 
local volume can become high enough to cause absorption through nonlinear processes, leading 
to optical breakdown or photo-damage. Slightly below the optical breakdown threshold, this 
nonlinear, multi-photon absorption can locally alter the glass structure and cause refractive index 
changes.'^''^ If the intensity of the laser is below the threshold level of multi-photon absorption, 
glass becomes almost transparent to the laser beam. Therefore, it is important to identify the 
proper processing space that can effectively increase the refractive index without creating photo- 
damage in the bulk glass. Figure 5 shows the micro-Raman spectrum of bulk silica glass and 
normalized spectrum of a laser-damaged region (0.1 mJ). Under cross-polarized light condition, 
the damaged regions exhibit stress birefringence and are occasionally associated with 
microcracks. Without the normalization procedure, the intensity of the Raman bands from the 
laser-damaged region is consistently less than that from the bulk glass. This reduction in 
intensity indicates that the modified regions have structures of lower density where some glass 
has been partially replaced by voids. However, this reduction in intensity becomes significantly 
less for laser-modified regions (0.9 |iJ) that produce refractive index change without creating 
stress birefringence. Furthermore, the normalized Raman spectra show an increase in the 490 
and 605 cm"' peaks in the damaged region, indicating an increase in the number of 4- and 3- 
membered ring structures in the silica network. The formation of these 4- and 3- ring structures 
are sometimes associated with the creation of new quasi-surfaces at small voids in the silica-rich 
matrices.'* In addition, the Raman band peaking between 400 and 500 cm'' is significantly 
narrower in the spectra from laser modified regions compared to the bulk glass. The relative 
narrowness of the bands in the spectra indicates that the silica networks in these areas have a 
smaller distribution of ring sizes, with fewer large rings. This type of modification of the silica 
network is typically achieved by quick melting followed by fast re-solidification during the laser 
process. 
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Figure 5. Micro-Raman spectra for bulk glass and laser modified regions. 

B. Components 

With the knowledge of the effect of average laser power on structure modification of 
glass, direct writing waveguides inside amorphous quartz was explored. Figure 6 shows the top 
view, near-field and far-field patterns of laser-modified lines above (0.1 mJ) and below photo- 
damage threshold (0.9 fxJ). The near-field and far-field patterns were obtained from the 
transmitted beams at 650 nm through 2 mm length of laser-modified regions. The near-field 
pattern of waveguides created below damage threshold illustrates the propagation of a single 
LPoi mode through the waveguide inside of a bulk glass. The far-field pattern indicates that this 
transmitted mode possesses a nearly Gaussian profile. Above the photo-damage threshold (> 2.2 
I^J), extensive light scattering is observed, which is consistent with the Raman analysis results 
where some glass has been partially replaced by voids. Experimental results suggest that these 
laser-modified regions have a unique biaxial optical birefringence, where the maximum 
birefringence is in the range of 0.002 to 0.004. Figure 7 (a) illustrates the variation in transmitted 
light intensity through the laser-modified regions under cross-polarized light. The polarization 
direction of the laser beam was systematically rotated 10° fi-om spot to spot. The observation of 
an optical extinction for every 90° suggests that the laser-modified regions possess an optical 
birefringence property. Furthermore, the sinusoidal variation of the transmitted light intensity 
(see Fig. 7 (b)) is consistent with the theoretical prediction of a birefringent material. Results 
indicate that the laser-induced birefringence property in the bulk glass can be controlled by laser 
power level, accumulated exposure, and polarization direction of the vwiting laser. Details of 
the creation of birefringence by the femtosecond laser pulse will be reported elsewhere. 
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Figure 6. Direct-write buried waveguides in glass by femtosecond pulse laser. The top and 
bottom images are regions modified above and below the photo-damage threshold, 
respectively. 
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Fig. 7 (a) Transmission image of laser modified regions under a cross polarized light, the 
polarization direction of the laser beam is rotated 10° for each modification, (b) the change 
of transmitted light intensity in the first quarter. 

• 
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Conclusions 

Initial studies show that femtosecond laser processing is a promising manufacturing 
technology to fabricate micro-components. We have demonstrated with a basic understanding of 
travel velocity and layer decrement on resulting channel morphology, complex shapes can be 
fabricated in stainless steel. A key factor in producing clean features is choosing the correct 
layer decrement that allows the ionized species to escape the channel. Using a unique non-lmear 
absorption behavior, we have demonstrated that femtosecond laser pulses, when properly 
adjusted, can locally modify the glass structure and directly fabricate waveguides in bulk glass. 
Results show these laser-modified regions possess an optical birefringence property which can 
be controlled by the polarization direction of the laser beam. The capability of creating and 
controlling birefringence properties in glass by laser processing could have significant 
implications for the development of novel optical devices. 
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Abstract 

Alginate hydrogels are an import class of ionic biopolymers for medical and biotechnological 
applications, produced by the combination of alginate with a proper cross-linking agent. 
During the gel formation, cross-links can be formed between the alginate chains and cationic 
species, changing the elastic behaviour of the material that controls the volume change 
phenomena of the gels. 
This paper proposes a new rapid prototyping system to produce three-dimensional alginate 
structures by extruding, layer-by-layer, a previously prepared solution of sodium alginate in 
water mixed with a solution of calcium chloride, both of known concentration. The building 
process to obtain these gel structures is described, from a chemical point of view, and some 
obtained structures are shown. The alginate concentration over both the kinetics and accuracy 
effects of the process is investigated. The preliminary findings of this research work promise 
to open an exciting new area for medical applications. 

Keywords: Alginate, Hydrogels, Biomimetics, Medical Applications, Rapid prototyping. 

Introduction 

The engineering activity, a design by human process, is usually portrayed as a unique human 
process, relying on the intuition, experience and judgment of engineers and designers, to 
create a representation of objects meeting a set of requirements. However, there is also a 
design by nature (Bartolo and Bartolo, 2003) process, the process through which all the 
organisms dynamically adapt to its environment, performing its different functions, such as 
respiration, reproduction, sensing, movement, etc. This design by nature is an evolutionary 
transformation process with a unique goal, the survival of each population of organisms 
through the correct adjustment to the environment. This kind of design process has been 
optimised throughout years and years of natural evolution. 

Just as an ecosystem incorporates change and adapts towards self-sustaining processes, 
lessons from nature can be used to support and optimise the design by human activity. The 
philosophy under this research project is the belief that engineers can learn with nature. This 
process of borrowing the best from nature is called biomimetics (Jeronimidis and Atkins, 
1995) and this research study focuses on this new concept, investigating a new route to 
produce three-dimensional patterns in alginate hydrogels for medical applications, through a 
biomimetic free form manufacturing system. This system intends to replicate natural 
procedures used by some marine brown algae, namely Laminaria Hyperborea, to produce 
alginate, a structural component of the algae. 

Hydrogels have been receiving much attention due to their potential use in a wide variety of 
biomedical applications, including tissue engineering scaffolds, drug delivery, contact lenses, 
corneal implants and wound dressing (Griffith and Naughton, 2002; Garcia and Ghaly, 1996; 
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Kim et al., 1998). Most hydrogels are usually synthesized using reactive monomers and cross- 
linkers. However, they do consume non-renewable resources, employ hazardous 
manufacturing steps and are not biodegradable, apart from not always being biocompatible so 
their use in medical applications is limited. Consequently, research attention has been centred 
on generating hydrogels from natural and biocompatible polymeric materials, such as 
collagen, gelatin, chitosan and alginate. Biomaterials present properties, such as 
biocompatibility, biodegradability, sensitivity to pH, electrical or temperature stimuli, that 
enables its use in biotechnology and medical applications. 

Biologic manufacturing system 

The alginate-based rapid prototyping system, which is in a preliminary research stage, intends 
to produce alginate solid structures by extruding a previously prepared solution of sodium 
alginate in water mixed with a solution of calcium chloride, both of known concentration. 
Understanding the reaction kinetics of the gelation process of alginate-based systems is the 
first step for the development of an intelligent system leading to the design, optimisation and 
control of an alginate-based rapid prototyping system. 

Alginate is a natural linear polysaccharide that contains 1,4-linked p-D-mannuronic (M) and 
a-L-guluronic (G) acid residues (Figure 1), arranged in a non-regular and block-wise fashion 
along the chain (Kang et al, 2002). The biological properties of this biopolymer have been 
exploited in numerous medical and surgical applications, such as drug delivery, cell 
encapsulation, etc (Gombotz and Wee, 1998; Bucke, 1987). 

Figure 1: Structure of an alginate showing a linkage between the mannuronic and guluronic 
acid. 

Gelling occurs when divalent ions (Ca^"^, Ba^"^, Fe^"^, Sr^"^, etc.) or trivalent ions (Al, etc.) take 
part in the interchain ionic binding between G-blocks in the polymer chain giving rise to a 
three dimensional network. Such binding zones between the G-blocks are often referred to as 
"egg boxes" (Figure 2). This ions act as cross-linkers that stabilise alginate chains forming a 
gel structure, which contains cross-linked chains interspersed with more freely movable 
chains that binds and entraps large quantities of water. The gelling process is characterised by 
a re-organisation of the gel network accompanied by the expulsion of water (Serp et al, 
2002). 

Its reactivity with calcium and the subsequent gel formation capacity is a direct fiinction of 
the average chain length of the G blocks, showing a great affinity for Ca^^ ions (Gombotz and 
Wee, 1998). Gels made of M-rich alginate are softer and more fragile, and may also have 
lower porosity. This is due to the lower binding strength between the polymer chains and to 
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the higher flexibiHties of the molecules. The gelling process is highly dependent upon 
diffusion of gelling ions into the polymer network. 

Ca 2+ 

V^ 

Sol structure Gel structure 

Figure 2: Alginate gelling results from reticulation of the chains by calcium ions. 

Material 

Sodium alginate was purchased at Panreac (Barcelona, Spain). Calcium chloride was supplied 
by Carlo Erba (Milano, Italy). AH solutions were prepared with pure water, with conductivity 
of 0.054 |xS/cm. Alginate solutions were prepared by addition of weighted portions of sodium 
alginate to measured volumes of water. Due to their high viscosity, these solutions were 
agitated by orbital shaking for three hours at 50 °C to ensure good homogeneity. Calcium 
chloride solution 5% (w/v) was obtained dissolving the sah in water. This solution was 
diluted to obtain solutions containing different concentrations of calcium chloride. 

Results 

To evaluate the kinetics of the gelling process solutions, containing different concentrations 
of alginate and different concentrations of calcium chloride (CaCb), they were prepared and 
mixed at room temperature. The effect of the alginate concentration is shown in Figure 3, 
which describes the weight loss as a function of time for solutions containing different 
amounts of alginate (1% and 2%) mixed with a solution of 5% CaCli. Figure 4 illustrates the 
variation of weight loss as a function of time, for a solution containing 2% of alginate mixed 
with solutions containing different amounts of CaCli. The experimental data (discrete values), 
was fitted using a sigmoidal equation. Fitting the experimental data enables us to have a 
continuous range of values to better evaluate the gelation process. To correlate the 
experimental data and the values obtained from the sigmoidal equation, a numerical routine 
using the Marquardt-Levenberg (Press et al, 1986) multivariable non-linear regression 
method was employed. A good correlation was achieved by controlling the number of steps, 
the increment and a small tolerance parameter, corresponding to the difference of values at the 
step n+1 and values at the step n, which is used for convergence purposes. 
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Figure 3: Weight loss vs gelation time for two solutions containing different concentrations 
of alginate mixed with a solution of of 5% CaCl2 
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Figure 4: Weight loss vs gelation time for a solution containing 2% of alginate mixed with 
solution containing different concentrations CaC^. 

The weight loss increases with time and is more significant for samples produced by solutions 
containing low contents of alginate and high contents of calcium chloride is shown in Figures 
3 and 4. This is due to two main reasons: 

the amount of water present in the initial alginate solution, which is higher in more 
dilute solutions 

the kinetics of the gelation process, which is higher whenever solutions containing 
higher concentrations of CaCl2 are used. 

The calcium divalent ions act as cross-linkers that stabilise alginate chains forming a gel 
structure. Therefore, increasing the concentration of calcium chloride present in the solution 
increases the cross-linking of polymeric chains and the expulsion of water. During the gel 
formation, calcium ions diffuse from the liquid solution to the forming gel and its 
complexation by the carboxylic groups of G blocks increases the gel stiffness. This 
phenomenon is accompanied by a significant loss in water at counter-current of the flux of 
calcium ions (Figure 5). Ahmad and Huglin (1994) and Hu and Lin (1994) claim that the 
water contained in alginate gels can been found in two states: free-water and non-free-water. 
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Therefore, it is expected that the water leaving the gel during the gelation process is the one 
which interacts less with the polymer (free-water). 

External        £ 
environment 

Figure 5: The diffusion of chemical elements during the gelation process of alginate 
structures. 

Figure 6 compares the variation of the rate of weight loss with time as a function of both 
alginate and CaCh concentration. This Figure shows that maximum value of the rate of 
weight loss is almost independent of the concentration of alginate or calcium chloride and 
occurs very fast, in less than one minute. However, the rate of weight loss is higher for 
samples produced with solutions containing higher concentrations of alginate or solutions 
containing higher concentrations of CaC^. 

5% CaCli 

b) 

Time (min.) 

Figure 6: Variation of the rate of weight loss vs time as a function of a) alginate 
concentration for samples produced through a solution containing 5% of CaCb; and b) 
calcium chloride concentration for samples produced through a solution containing 2% of 
alginate. 

The variation of the maximum value of the rate of weight loss with the concentration of 
calcium chloride for samples produced using a solution of 2% of alginate was fitted using a 
sigmoidal equation (r^=l) as shown in Figure 7. This variation reveals two main regions. The 
first region corresponds to the gelation processes performed with solutions containing 
concentrations of CaCb lower than 3%. In this region, the concentration of CaCl2 has great 
impact on the rate of weight loss and consequently on the gelation kinetics. The second region 
appears at high values of CaC12. This can be attributed to diffusion limitations of the divalent 
ions of Ca^"^ as the gel structure is formed. Analogous behaviour is observed in Figure 8 for 
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the variation of the maximum value of the rate of weight loss with the concentration of 
alginate produced through a solution of 5% of calcium chloride. 

0,20 

0,12 

0,06 ■ 

0,00 

Concentration of CaCL 

Figure 7: Variation of the maximum value of the rate weight loss vs. concentration of CaCb 
for samples produced through a solution containing 2% of alginate. 

0 12 3 

Concentration of alginate (%) 

Figure 8: Variation of the maximum value of the rate weight loss vs. concentration of 
alginate for samples produced through a solution containing 5% of CaC^. 

Due to the loss of water during the gelation process, high shrinkage values are observed 
compromising the accuracy of the process in terms of the dimensional generation of three- 
dimensional structures. The shrinkage is a function of the kinetics of the gelation process and, 
consequently, is a function of the concentration of alginate and calcium chloride. Figure 9 
shows the variation of the linear shrinkage as a function of time and weight loss of a disc 
produced through a solution with 2 wt% of alginate combined with a solution containing 5% 
ofCaCb. 
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Figure 9: Variation of the shrinkage as a function of a) time and b) weight loss of a disc 
produced through a solution with 2% of alginate mixed with a solution containing 5% of 
CaCl2. 

The accuracy in the definition of the geometric shape of alginate structures is also strongly 
dependent on both the concentrations of alginate and calcium chloride. Figure 10 displays the 
shapes of different circular structures produced by mixing a solution with 2% of alginate with 
solutions containing different concentrations of CaCb. A better definition is obtained using 
high contents of alginate and CaCb. The gelation process of alginate structures will enable to 
retain the shape of structures during a large period of time (see Figure 11), owing to the fast 
process of he gelation rate during the first 5 minutes, that slows down afterwards slowing 
down the rate of weight loss. 

a(% ix 

u(&, s/. 

C-<' 61,   3>» 

Figure 10: Circular structures produced by mixing solutions containing different 
concentrations of alginate with solutions containing different concentrations of CaCb. 
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Figure 11: An alginate structure three weeks after its generation. 

A phenomenological model previously developed for stereo-thermo-lithographic processes 
(Bartolo and Mitchell, 2003; Bartolo and Mitchell, 2001) was adopted to evaluate the kinetics 
of the gelation process of alginate systems. According to this model, the rate of weigh loss, 
dW/dt, is given by the following equation: 

— = r-W'"(l-W)P 
dt ^        ' 

where T is the gelation rate constant, W is the fractional value of weight loss, and m and n are 
the exponential coefficients of the kinetic model. All the kinetic parameters have been found 
to be dependent on both the alginate and calcium chloride concentration. 

The rate constant is given by the following equation: 

r = ^-exp 
,LCaClJ^ 

•exp 

where %, y and qp are constants, [CaCb] is the concentration of calcium chloride and [Alg] is 
the concentration of alginate. The rate constant was found to be dependent on the alginate and 
calcium chloride concentrations in an Arrhenius way as shown in Figure 12. 

l/(coiicentratian of CaClj (%)) l/(concentratioii of alginate (%)) 

Figure 12: a) Variation of In (k) vs. (1/concentration of CaCl2) for samples produced using a 
solution containing 2% of alginate. b) Variation of In (k) vs. (1/concentration of alginate) for 
samples produced using a solution containing 5% of CaCh. 
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The exponential coefficients' dependencies with the CaCli concentration are determined 
through an exponential regression (r^=l for the exponential coefficient n and r =0.98 for the 
coefficient m), and are shown in Figure 13. This Figure reveals that the exponential 
coefficient m increases with the concentration of calcium chloride, while the coefficient n 
decreases. Similar behaviour is observed for exponential coefficients' dependencies with the 
alginate concentration. 

n 
i 

2 3 4 5 

Concentration of CaClj (%) 

2 3 4 

Concentration of CaClj (%) 

Figure 13: Variation of the exponential coefficients v^. concentration of CaCb for samples 
produced using a solution containing 2% of alginate. 

The model intends to provide: 

a better understanding of the gelation process; 

a more accurate estimation of build times and weight loss profiles; 

a platform for testing new alginate structures or other bio-polymeric systems and 
process improvements; 
the development of a standard set of parameters and gels for some pre-determined 
three-dimensional model characteristics. 

Conclusions 

A new rapid prototyping system to produce three-dimensional alginate structures has been 
described from a chemical point of view. The gelation process is strongly dependent on both 
the alginate and calcium chloride concentrations. During the gelation process a significant 
water loss is observed influencing the shrinkage of the produced structures. Stable alginate 
structures are obtained after 20 minutes and the shape of these structures is retained for a long 
period of time. 

A kinetic model, describing the gelation process, is also proposed. This computational model 
will support the development and optimisation of this alginate-based rapid prototyping 
system, avoiding a great amount of experimental work. 
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Future work will focus on the relationship between morphology/mechanical properties and 
gelation kinetics in order to better understand the generation process of gel structures. This 
will help to produce appropriated porous structures for tissue engineering. 
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ABSTRACT 
As we move towards micron-scale rapid manufacturing, it is critical to understand build 

resolution of Stereolithography technology. In order to determine the resolution limitations, 
positive and negative features on Stereolithography parts were built and analyzed. Resuhs from 
several experiments were compared to an analytical model and important resolution issues are 
highlighted. Based on these experimental results, parameters that will maximize build resolution 
for a number of well-understood shapes are suggested in the paper. Build resolution experimental 
results, analysis, and measurement techniques are discussed. Conclusions are drawn related to 
feature shape as resolution limits are approached. 

1. INTRODUCTION 
Stereolithography (SLA) is a layered rapid prototyping process in which an UltraViolet (UV) 

laser is used to selectively cure a vat of liquid photopolymer resin in order to physically make a 
part from the generated CAD model. Even though the technology has been commercially 
available for over 15 years, no real attempt has been made to apply it to micro manufacturing 
until recently. With the interest in applying this technology to the micro manufacturing area 
comes the need to study the resolution of Stereolithography. More specifically, the limits of the 
resolution, both theoretical and empirical, need to be established. 

It is important to make the distinction between resolution and accuracy before moving any 
further. Accuracy is defined as the measure of closeness to the nominal dimensions and 
geometry of the intended SLA part (Davis 2001). On the other hand, resolution refers to the 
fineness of the technology, quantifying the absolute limit of the technology. 

2. STEREOLITHOGRAPHY RESOLUTION 
Stereolithography resolution is affected by pre-build and build software (Software Imposed 

Parameters or SIP) and parameters that are inherent in the process (Process Parameters or PP). 
More information about the classification of resolution-affecting parameters could be found in 
(Sager and Rosen 2002). SLA resolution can be separated into horizontal (x-y plane) and vertical 
(z plane) resolution issues, and this paper will focus on the effect of horizontal resolution issues. 
The resolution limiting factors in horizontal domain are: 

• Linewidth compensation (SIP) •     Stereolithography grid (PP) 
• Laser beam spot diameter (PP) •    Resolution   of the   .sti   file   (SIP) 

The laser beam spot diameter and the linewidth compensation parameter are the two 
parameters that have the most influence on horizontal resolution of the process on mesoscale 
manufacturing. Simply put, the laser beam spot diameter on the build surface is the smallest 
feasible feature size that can be scanned. Linewidth compensation determines how the laser 
beam should be offset when scanning a feature so that a cross-section would not be too small or 
too large. A brief description of these two parameters will be given. However, it is important to 
keep in mind that all four parameters would have significant influence when micron-size 
manufacturing is concerned. 
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2.1 Laser Beam Spot Diameter 
The laser beam diameter is fixed at 200 fim on the build surface for most 3D Systems' SLA 

systems. In theory, this is the absolute limiting size of a feature that can be built. However, 
because of the scanning patterns, the smallest feature that can be built is around one-and-a-half 
times the laser beam diameter, around 300 \im. In high resolution systems such as the 3D 
Systems' Viper Si2 machine, the laser beam spot diameter is 75 ± 15 ^m, and features as thin as 
80 nm have been built using this spot size. 

2.2 Linewidth Compensation 
The linewidth compensation parameter ensures that the cross section of thin parts is scanned 

correctly by shifting over the center of the laser beam spot. In other words, linewidth 
compensation compensates for the width of the cured linewidth. 

The defauh value for linewidth compensation is 125 fim, which is I/2 of the laser beam 
diameter. When a rib that is 250 ^m is to be buih, if the default value of linewidth compensation 
is applied, the outline of the rib is shifted towards the inside of the profile and a line is created 
rather than a closed profile. Since a line is not interpreted by the SLA system as part of a cross- 
section, it would not be scanned. On the other hand, if a smaller linewidth compensation value 
such as 25 |am is used, the rib feature will be scanned. This would result in a thicker-than-desired 
rib that is 400 ^m thick; however, the feature would not be altogether omitted. However, as 
aforementioned, it could also result in very inaccurate thin features. 

3. ANALYTICAL BACKGROUND 
Stereolithography is a complex process that is enabled by a number of mechanisms working 

together. Because of this, it is important to identify the main components that have a bearing on 
the theoretical resolution for the process. 

As the laser beam is scanning along the vat surface, a cured line is formed. The shape of this 
line is a parabola (Jacobs 1992), and its cure depth is given as: 

Q=D^ln(£_/£,) (Equation 1) 

where Ca is the cure depth. Dp is the penetration depth for a resin, Emax is the maximum 
centerline laser exposure on the build surface, and Ec is the critical exposure for a resin. Equation 
(1) is known as the working curve for SLA, where Dp and Ec are resin constants. In the 
horizontal platform, the width of the cured line depends on the laser beam spot radius as well as 
a resin constant: 

Lw = Wo^jlCdlDp (Equation 2) 

where Lw is the cured linewidth and Wo is the laser beam spot radius. For the linear portion of 
the working curve, the range of values for the cure depth can be estimated as Z)^ < Q < ADp, 

which is equivalent to the range 1 < Q /D^ < 4 (Jacobs 1992). Therefore, it is possible to speak 

of a meaningfiil range of theoretical cured linewidth values for the SLA process. This is shown 
in Table 1 for different SLA machines. 

The width of a wall formed by a stack of scanned lines can be computed using Equation (3) 
(Rosen 2002), where n is the number of layers. 

71 



width = 2 
W' 

In 
-kl/D, 

yj 

(Equation 3) 

Table 1 . Typical Stereolithography cured linewidth \ 'alues 
Machine Resin L„ (mm)                                 1 

Name (mm) 
Name 

Dp 
(mm) 

Low ^             Typi cal            ^ High 

C^D„=1 Cd^Dr,=2 cy£»„=5 C^D,-4 

SLA 250 0.12 DSM7110 0.14 0.170 0.240 0.294 0.339 

SLA 3500 0.125 SL7510 0.145 0.177 0.250 0.306 0.354 

Viper si2 0.125 SL5510 0.12 0.177 0.250 0.306 0.354 

Viper si2 0.125 DSM 10120 0.158 0.177 0.250 0.306 0.354 

Viper si2 HR 0.0375 SL5510 0.12 0.053 0.075 0.092 0.106 

Viper si2 HR 0.0375 DSM 10120 0.158 0.053 0.075 0.092 0.106 

From Table 1, it can be seen that the Viper si2 machine, when operated in the high-resolution 
mode, has a smaller laser beam spot radius. This means that thinner cured Unewidth values of 
between 0.053 and 0.075 mm (53 to 75 microns) can be expected when using this machine. 
These values are important to keep in mind when the limits of resolution are considered. 

4. EMPIRICAL STUDY 
To quantify the effects of laser beam spot diameter and linewidth compensation on horizontal 

build resolution, a number of experiments were performed with different part cross-sections. Of 
particular interest was the predictability of negative and positive features. After building these 
cross-sections in Stereolithography machines, they were measured using a number of 
measurement techniques. The description of each cross-section, its outline, what it was intended 
to test, and how it was measured are shown in Table 2. 

Table 2. Shapes used for empirical testing 

Shape 

Outline 

Detail 

What it is 
testing 

How it is 
measured 

Ribs 

■■U"U-U"UU"UUL 

Resolution for 
positive features 

Micrometer 

Grids 

i: 

■m. z 'a/////////////////M//////A % ■ 
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g   7. 

[50 
mm 

CftD FKe 

(units in nm) 

Resolution 
variation with build 

location 
Wliite liglit 

Interferometer 

Gears 

s 

Resolution variation with 
curved surfaces/features 

Optical microscope 

Holes 

r  
^;.'5ni ^^'O.lcS :iD 

i o 0     < » . .  . .  \ 

Resolution for negative 
features 

White light 
interferometer 
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The detail drawings show the horizontal cross-section for each shape as seen from the top 
view. The ribs were built using a number of different machine/resin combinations in order to 
quantify the resolution of different machines. The thickness of the ribs varied from 2.5 mm to 
0.25 mm with 0.25 mm increments. 

The rectangular grids were built in order to quantify how the thickness of a wall varies with 
respect to changing location on the build platform. The grids were built at the center of the vat 
and at the comers. The intended wall thickness for each grid was 50 fxm. 

A spur gear with 20 teeth was selected as a suitable profile for resolution study; not only 
because gears are very important in engineering, but also they have curved positive and negative 
profiles. The spur gear had 6.25 mm pitch diameter with an intended gap of 0.237 mm between 
teeth and tooth thickness of 0.179 mm. 

In order to test the building ability of negative features, a part with holes was designed. This 
part had vertical holes that ranged from 1.25 mm to 0.125 mm in diameter with 0.125 mm 
increments. In all the parts built, the effect of the linewidth compensation parameter was also 
studied. 

4.1 Data Collection and Analysis 
Depending on the outline of the cross-section measured and the level of measurement detail 

required, different measurement techniques were used in this study. For measuring the thickness 
of the rib parts, using a micrometer was sufficient. For the gear cross-sections, the outline of the 
gears as well as the measurements were desirable. Therefore, an optical microscope with a 5x 
zooming lens was sufficient. 

Interferometers, in particular white light interferometers, are currently being used to inspect 
mesoscale parts. Georgia Tech has a Zygo NewView 200 white light interferometer, which was 
used for collecting much of the grid and hole data. The interferometer uses the principle of 
interference to create a 3-dimensional surface profile of the parts. This data, however, is limited 
to a single view due to the slope limitations on measurement. Because the white light 
interferometer was initially created to measure surface characteristics such as surface roughness, 
it was designed to have very good resolution in the z-direction (out of plane). This resolution is 
more than adequate for mesoscale parts. The resolution in the lateral (x and y) directions, 
however, is not quite as good but will be sufficient for initial measurements. The lateral 
resolution is dependent on the objective being used. For the objectives in the Precision 
Machining Laboratory the lateral resolutions are 2.2 |xm and 8.8 |am (for the lOx and 2.5x 
objectives, respectively) at regular camera resolution. 

Conventional coordinate metrology is not appropriate for the type of data that are gathered 
using a white light interferometer. A single surface does not hold enough information for 
comparison to a CAD model or to an analytic surface (other than a plane). Because a CAD 
model is a series of surfaces that intersect, data from other surfaces are needed to properly orient 
the model or surface to the data. Due to this limitation, two-dimensional curves such as lines and 
circles are of interest. 
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For two-dimensional analysis, the data on a single surface are not what need to be analyzed. 
The edges of the data hold the important information. Therefore, it is necessary to extract edge 
data points from the original point cloud before any dimensional analysis can be performed. The 
edge point extraction takes several steps. First, a plane is fit to the surface data and an "image" 
is created The pixel size of the image is set to the distance between the evenly spaced data 
points and the intensity, or color, of the pixel is directly related to the height of the pixel above 
the fit plane. After the "image" is created, a median filter is applied to remove noise. 

After being filtered, edge points are either located by binarization and a simple row and 
column sweeping algorithm or an edge detector and contour tracking algorithm based on the idea 
of finding the center of mass in combination with a contour tracking technique. The edge points 
can then be analyzed by being fit to two-dimensional shapes such as lines, circles, and ellipses. 
This entire process is illustrated in Figure 1. 

Image 
Creation 

\ / 

^ 
Binarization 

Edge Point 
Location: 
Sweeping \ 

Filtering 
Edge 

Analysis 

- 
Edge Point 

D< 
Edge 
stection T hrestioidin g 

Location: 
Contour 
Tracking 

Figure 1: Analysis Flowchart 

The methods described above have been validated using generated test data of circles and 
bars. Perfect circles and perfect bars yielded perfect results. When known noise was added, 
both sets yielded expected results. This procedure is fully outlined in (Shilling 2003). 

4.2 Rib Parts . 
The outline of the rib parts and their detail cross-section were presented in Table 2. Ihe rib 

parts were built using a number of machine/resin combinations, linewidth compensation, and 
layer thickness values, which are shown in Table 3. The goal was to quantify the resolution for 
each machine, along with the effect of different linewidth compensation values. In short, four 
comparative studies were done with the rib parts: 

1. Thickness at tip of rib versus thickness at base of rib 
2. Thickness of rib on top surface of build versus thickness of rib on bottom surface of build 
3. Resolution of Stereolithography machine used 
4. Resolution with respect to linewidth compensation value used 

The thickness values at the tip of ribs were very similar to those at the base of ribs. It 
should be kept in mind that the distance between the tip and base of each rib is very short, about 
2.5 mm. Therefore, such a small change in location of the laser beam as it was scanning the parts 
would not cause a significant change in the resolution of the final parts. 

It is known that upfacing and downfacing surfaces in SLA have different resolution. This is 
partly due to the curing effects, and partly due to the fact that at the bottom of each build support 
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structures are anchored to the build platform (Jacobs 1996). For all six rib parts built, the 
thickness for a particular rib (rib 5) at the top and bottom surfaces is shown in Figure 2. There is 
a consistent thickness difference between bottom and top surfaces. This thickness difference is 
quantified in Table 4. 

Table 3. Build parameters for rib parts 1-6 

Part Machine Resin 
Linewidth 

Comp. (mm) 
Layer Thickness 

(mm) 
1 SLA 3500 SL7510 0.125 0.004 
2 SLA 250 DSM7110 0.125 0.004 
3 SLA 250 DSM7110 0.025 0.004 
4 Viper Si2 SL5510 0.0375 0.002 
5 Viper Si2 SL5510 0.01875 0.002 
6 Viper Si2 SL5510 Off 0.002 

1.75 

1.7 

Width 1.65 

at tip 1.6 

of rib 1.55 
(mm) 1.5 

1.45 

1.4 
3 4 

Part number 
-Top surface Bottom surface 

Figure 2. Top versus bottom surface for rib 5 width 

Table 4. Difference in thickness between top and bottom surfaces for rib 5 
Part 

number 
Bottom surface thickness 
for rib part number (mm) 

Top surface thicluiess for 
rib part number (mm) 

Difference (^m) 
[Bottom - Top] 

1 1.7125 1.6875 25 
2 1.45 1.4375 12.5 
3 1.6625 1.6375 25 
4 1.5375 1.525 12.5 
5 1.5625 1.55 12.5 
6 1.6 1.5875 12.5 

In Table 4, it can be seen that the thickness difference varies between 12.5 and 25 microns. 
This is an expected resuh, since the bottom surface of SLA builds typically have poorer 
resolution. When a SLA layer is scanned, in order to make sure it would anchor to the previous 
layer, it is "overcured" by a specified thickness into the previous layer. Additional overcuring of 
a number of layers causes the bottom surface of a SLA build to have thicker cross-sections than 
intended; hence a poorer resolution than top build surface. Therefore, it can be concluded that the 
top surface has features that are on average between 10-20 microns thinner than the bottom 
surface. 

Another aspect of this study is quantifying the resolution of different SLA machines used. 
For each rib, the difference between the intended and measured thickness for different machines 
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is shown in Figure 3. It can be seen that when the default value for the SLA 250 machine was 
used, a part whose ribs were thinner than intended was obtained. On the other hand, as expected, 
the Viper si2 machine high-resolution build style produced parts with highest resolution. 

0.3 

0.2 

0.1 - 
Intended - 
Measured     0 

(mm) 

5 6 

Rib number 
-SLA 250 -SLA 3500 -SLA Viper si2 

Figure 3. Average dimensional error for different SLA machines 

A comparison of rib width values based on the different linewidth compensation values that 
can be used when preparing a build for the Viper si2 machine was made. Three different 
linewidth compensation values were used: the default value of 0.0375 mm, 0.01875 mm, and 0 
mm. These different values and their resulting measurements are shovra in Table 5. 

Table 5. Comparison between expected and measured error 

Linewidth compensation 
value used (um) 

Analytical expected 
error (um) 

Average measured 
error (iim) 

Error discrepancy 
(um) 

37.5 0 39 39 
18.75 37.5 57 20 

0 75 104 29 

As shown in Table 5, the lowest average error of 39 microns was obtained when the default 
linewidth compensation value of 37.5 microns was used. When the same default linewidth 
compensation value is used, the expected error is zero because the thickness of the laser beam is 
adequately compensated for. There seems to be a consistent error between the measurements and 
expected results when different linewidth compensation parameter values are used. It can be 
argued that by accounting for the error based on linewidth compensation value used, the error 
between the intended and measured thickness could be reduced. Table 5 presents expected error 
discrepancy within the range of 20-40 microns based on empirical results. It is clear that the parts 
built will be thicker than intended, and this value can be quantified as between 20 and 40 ^im. 

4.3 Grid Parts 
The grid parts were built for a number of studies, including build location, onentation, 

and effect of linewidth compensation parameter on build resolution (Sager 2003). However, in 
this paper, only the effect of build location on build resolution will be presented. Four identical 
test parts were built simultaneously at the four comers of the build platform of the Viper si2 
machine. The labeling for the locations of these parts is presented in Figure 4. Each grid part had 
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the dimensions of 25 mm by 25 mm in x and y directions respectively. The distance between the 
center of the vat and the center of the grid parts was 112.5 mm. 

0' Back of platform 

Center of 
plaiforn 

Dutlln?  of 
platform 

Front of platform 

Figure 4. Location of grid parts on build platform 

Measurements of the vertical cross-section of the parts taken by researchers at Siemens AG 
yielded results that suggest a heavy dependence of wall thickness on build location, as shown in 
Table 6. These measurements were taken from the grids around the center of each grid part and 
represent the average thickness of the walls. For each wall, the thickness was measured at three 
locations. These locations were towards the top of the wall, around the center of the wall, and 
towards the bottom of the wall. 

Table 6. Grid average wall thickness with respect to build platform location 

Position on 
platform 

Thickness at location (|im) Representative 
thickness (|xm) 1 2 3 

Center 126 133 121 127 
1 226 265 253 248 
2 210 246 274 243 
3 250 263 275 263 
4 171 217 184 191 

Ignoring the smallest and largest values that were obtained at comers 4 and 3 respectively, 
the representative thickness at the comers can be taken as 243-248 ^im. When compared to the 
wall thickness at the center of the build platform of 127 ^m, this value is almost doubled. Such a 
difference between wall thickness values at center and comer of the build platform suggests that 
location on the build platform plays a major role in determining how thick a wall wdll become. 
This could be attributed to the change in laser beam characteristics as the laser beam moves away 
from the center of the build platform. For example, in order to adequately calculate the shape of 
cured line, the changes in the shape and size of the laser beam radius must be taken into account. 
Moreover, as we move away from the center of the build platform, the laser beam becomes out 
of focus, causing the wall thickness to become larger. 

In addition to change in wall thickness with respect to build location, change in wall 
thickness with respect to vertical location was observed. This phenomenon is a direct result of 
overcuring each layer and is shown in Figure 5. In Figure 5, the bottom of the wall is the right 
side. As shovra, the thickness at the bottom of the wall is around 130-145 fj,m. The left side of 
Figure 5, which corresponds to the top of the grid wall, was measured to be around 100 |uim 
under the microscope. 
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Figure 5. Vertical cross-section of grid walls 

As aforementioned, the walls are thinner at the top due to the lack of overcure and print 
through for the latest-buih layers. Print-through is a Stereolithography error that accumulates on 
a lower layer when an upper layer is scanned. The analytical model expressed by Equation (3) 
enables an explanation of this cone-tip effect (Rosen 2002; Sager 2003). This model suggests 
that the wall thickness of the build surface is 78 |am and the representative wall thickness is 95 
^im (Sager 2003) for the Viper si2 high-resolution build style. This 17 ^im discrepancy is in the 
middle of the measured overcure related error range of 10 - 25 ^m. A representative wall 
thickness can be computed by adding the analytical thickness estimate to the linewidth 
compensation error range (20 - 40 jim). This yields an expected wall thickness range of 115 - 
135 nm, which is smaller than the observed thicknesses. Additional research is needed to 
investigate this difference. 

Table 7. Analytical, empirical, and expected empirical values for grid part walls 

Measurement 
Analytical 
Empirical 

Expected range 

Wall thickness on build surface (^m) 
78 
100 

78 +(20-40) = 98-118 

Representative wall thickness (jim) 
95 

130-145 
95+ (20-40) =115-135 

4.4 Holes 
A hole study was performed to determine both the resolution of negative features as well as 

the changes in hole diameter from the top surface of the part to several layers into the part. In 
addition to comparing feature sizes in the top and lower layers, the purpose of this test was to 
determine the smallest hole that could be built. 

After initial measurement, the part was ground usmg a small sample grinder to get a surface 
finish sufficient for measurement by the interferometer, so that the size of holes beneath the top 
surface can also be measured. From visual inspection, this was determined to be the 0.375 mm- 
diameter hole. After x-y-z data sets were collected using the interferometer, the data was 

78 



analyzed according to the steps outlined earlier in this paper. The results from measurement of 
the holes, as well as expected results are presented in Table 8. 

Table 8. Radii from Hole Test Parts (in nm) 
PART LOCATION                             | 

Circle Expected (1) Center (2) Center ground (3) 

A(l) 635.00 559.67 614.19 
B(2) 571.50 500.80 623.16 
C(3) 508.00 569.12 496.11 
D(4) 444.50 462.41 446.43 
E(5) 381.00 386.75 384.09 
F(6) 317.50 319.17 312.55 
G(7) 254.00 251.93 247.38 
H(8) 190.50 193.63 190.50 
1(9) 127.00 122.59 110.56 

J(10) 63.50 46.09 - 

The parts were measured using the Zygo New View 200 white light interferometer with the 
lOX objective (2.2.nm lateral resolution). There were problems with the Zygo stage, so the 
largest area that could be analyzed was approximately 700 by 500 ^m. This caused some 
problems with the circles of larger diameters, but was sufficient for circles of smaller diameters. 

Not enough data from the largest three holes in the hole test parts was collected to allow for 
reliable measurement. Although the results are presented, the values given might not represent 
the actual values of the radii of the holes. Additionally, the smallest hole was not present after 
the specimen was ground. The difference between the intended and measured hole radii is 
presented in Figure 6. 

Intended - 
Measured   o 

(urn) 

6 7 
Hole Number 

-A— Intended-unground Intended-ground 

Figure 6: Comparison of ground and unground part 
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The results from comparing the ground part to the same unground part are presented in 
Figure 6, ignoring the largest three holes because of problems with the interferometer and the 
smallest hole because of its disappearance. It is seen that the diameters of the holes for the 
ground part are slightly smaller than that of the unground part in all cases, reflected by the larger 
difference between intended and measured hole diameters. This is consistent with the idea that 
the lower layers are exposed to more UV light; thus have a chance to cure more thoroughly. 

4.5 Gears 
A number of 6.25 mm-diameter spur gears were built in order to study resolution of curved 

cross-sections. The gear had teeth width of 179 |xm and gap between teeth of 237 ^m. The 
average thickness of gear teeth was 186 ^im on top and 198 |j,m on bottom surface when small 
feature compensation parameter (SFP) was used. The gap between gear teeth, a negative feature, 
was 312 |im on top and 280 ^im on bottom surface when SFP was used. 

It can be said that SFP enabled generation of thin positive features that are more 
dimensionally accurate on the top surface of a build. In addition, the profile of the gear teeth was 
much sharper with the use of SFP. It was noticed on the SLA parts that some of the gear teeth 
lost their curved involute profile accuracy because they were too thin, which shows the limits of 
SLA resolution were reached with this spur gear profile. 

5. CONCLUSIONS AND FUTURE WORK 
With the rib parts built, it can be concluded that the bottom surface of SLA parts are thicker 

than the top surface. For the SLA Viper si2 system, the thickness discrepancy has been measured 
to be 20-40 |iim, which is consistent with the analytical model of the curing process. The grid part 
experiments suggest that as we move away from the center of build platform, the resolution of 
SLA machines changes dramatically. Based on the empirical results and comparison with 
analytical models, a range of expected thickness values can be specified for high aspect ratio 
walls. Even though the Viper si2 system has a laser beam spot diameter of 75 \xm, the realistic 
range for representative wall thickness is 115-135 |im. The ability to build small negative 
features using SLA technology has been demonstrated. However, more work is needed in 
quantifying the smallest negative feature that can be built. For certain shapes that are well 
understood, values for certain software parameters that would maximize build resolution are 
presented in Table 9. 

Table 9. Use of build parameter values to obtain maximum build resolution 

Build/ Recoat Parameter 

Linewidth compensation 
Small feature preservation 

compensation (Viper si2 only) 
High resolution spatial tolerance 
 (Viper si2 only)  

Stl file deviation 

Build orientation 
Build location 

Sweeping 

Grids/ Thin 
walls and/or 

features 
Off 

Geometry / Part 

Ribs 

Default 

Gears 

Default 

On 

On if highly tessellated area 

Lowest allowable surface deviation 

45-degree Vertical Normal 

Lenses/ curved 
surfaces 

Default 

On 

5 = Cres    R , 
Cres=3.4E-05 

Vertical 
Center of build platform 

On 
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The linewidth compensation parameter's default value should be used for builds other than 
thin walls. For parts that have thin walls or small features, turning the linewidth compensation 
off will ensure that the small feature is not omitted by the laser. This is critical for all the SLA 
machines that do not have small feature preservation compensation parameter. 

The laser beam spot diameter is the biggest contributor to the limitation of SLA resolution. 
The spot diameter determines the size of the smallest feature that could be buih on the horizontal 
platform. Since SLA is a stacking of a number of two-dimensional layers, it can be said that the 
resolution in the horizontal direction dictates the resolution in the vertical direction. Therefore, 
being able to control the laser beam spot diameter would improve the process resolution greatly. 

For maximum x-y resolution, parts should be built in the center of the build platform if 
possible. In addition, using the sweeper blade ensures that the resin on the top surface of the SLA 
build is evenly distributed after each layer is scanned. Ribs or any other high aspect ratio features 
should be built in the vertical orientation to reduce stair steps. 

Although white light interferometry was originally developed for surface measurements, it 
can be a useful tool in mesoscale part characterization when combined with several image- 
processing techniques. This method, however, is quite limited in its lateral resolution, speed, and 
three-dimensional measuring capabilities. In order to increase the speed and completeness of the 
measurement, new systems need to be developed. 

In order to truly quantify the resolution of SLA technology, a study of three-dimensional 
resolution is needed. In the future, more experiments should be performed with negative features, 
including shapes that are rectangular such as a square-shaped hole. In addition, a comprehensive 
cure model that will take into account the effect of focus depth, change of laser beam angle, and 
resin properties is under study. 
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Abstract 

A concept for multi-material solid freeform fabrication is proposed to enable the fabrication of 
heterogeneous components. This concept features nozzles designed for depositing thin layers of multiple 
patterned materials followed by selective laser sintering for consolidation to desired densities. Although 
prior work on the design of small-scale nozzles for powder delivery is lacking, our design is guided by 
background theory for particle flow through hoppers. Experimental guidelines for the delivery of powders 
with particle sizes in the 10-125nm range through hopper-nozzle orifices with diameters in the 0.5-2mm 
range are presented. This is a preliminary investigation of particle flow behavior necessary for continuous 
mass flow rates under gravity, low gas pressure-assisted flow, and vibration-assisted flow conditions. As 
proof of concept, several patterned beds of single and multiple materials were deposited on an X-Y table. 
A simple model to predict the linewidth of lines deposited by gravity flow is presented. 

1. INTRODUCTION 
The development of SFF techniques for producing a new class of artifacts with spatially-varying 
structure and multi-functional characteristics is in part dependent upon the ability to deposit and 
consolidate multiple materials. In particular, the selective laser sintering (SLS) process is well- 
suited to the incorporation of multiple powdered materials [11]. The SLS process presently uses 
a roller device to sweep thin layers of a single powdered material across the build area. It has 
been proposed to replace this roller device by an array of hopper-nozzles that can directly write 
lines, dots and patterned regions of multiple powdered materials [12]. 

The designated name "hopper-nozzle" refers to the design of experimental nozzles based on 
existing hopper theory. In the chemical and process industries, hoppers have been inexpensively 
designed to store, discharge bulk solids, and eliminate undesirable flow instabilities (i.e. arching, 
rat-holing, and oscillatory flow). Unfortunately, difficult hopper and powder sizes are avoided 
due to the lack of fundamental understanding of flow phenomena. This can be attributed to the 
complex interaction of granular solid and interstitial fluid that plays a large role in delivery 
through small orifice diameters. 

2. BACKGROUND 
Granular bulk solids exhibit characteristics unique from any other state. The granular mass is 
generally an amorphous, random-packing of particles influenced by the interstitial fluid 
occupying its voids. Unlike a fluid, the pressure under a vertical column of granular material is 
independent of its height, which makes a constant flow rate of material possible irrespective of 
the column height. 

Many researchers have investigated the flow of a powder through orifices under gravity and have 
established empirical correlations to predict the mass flow rate [1,7,8,9]. Among all these 
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correlations, Beverloo's correlation [1] is the most widely used to predict the discharge rate. It is 
given by 

G,=Cp,^{D,-kdf^   g/s (1) 
where Gs is mass flow rate of particles(g/s), C is empirical constant, ps is bulk density of 
powder(g/mm^), g is acceleration due to gravity(mm/s^), Do is hopper orifice diameter(mm), k is 
empirical constant for particle shape, and d is mean particle diameter. C and k are dimensionless 
constants and they take the values 0.583 and 1.4 respectively as reported by Beverloo et al. [1]. 

Spink and Nedderman [2] found that Beverloo's correlation is valid only for powders of particle 
size greater than 500 ^m. Eq.  (1) indicates that particle flow rate increases slowly as particle 
size decreases (curve-1 in Fig. 1). Significant deviations fi-om this equation occur at small 
particle sizes, where it is found that the discharge rate passes through a maximum and then 
progressively and rapidly decreases as particle size 
decreases   below   500|im   (curve-2   in   Fig.l).   The 
reduction  in  flow rate  of fine  powders  has  been 
attributed to retarding influence of interstitial fluid by 
various researchers [2, 3, 4]. Spink et al. [2] developed 
an   iterative   numerical   method   based   on   stress 
distribution,   voidage   distribution   and   air   pressure 
gradient distribution in the powder column to predict the 
discharge rate. However, their theoretical model did not 
match   their   experimental   results.   Moreover, their 
theoretical model is cumbersome to implement. 

Vdumetrlc 
Particle 
flow rate 

0 1000       2000 
Particle dlamBter-jlm 

Fig. 1 Volumetric discharge rate 
vs. particle size [2] 

The orifice size used in experiments by various past researchers was very large and on the order 
of 2-lOOmm [1,2,7,8,9], because their research was mostly concerned with industrial processing 
systems, such as feeding of catalyst pallets to a cracking plant. The smallest orifice size found in 
previous studies was 2mm used in the work of Beverloo et al. [1]. 

For development of a SLS hopper-nozzle powder delivery system we intend to use orifice sizes 
in the range 10|am-2mm. The powders used for SLS are typically 0.1-150|im in diameter. Flow 
behavior for this range of particle size and nozzle size combinations has not been investigated 
previously. The intent of this study is to determine whether a simple correlation for SLS powder 
sizes and intended orifice sizes can be extended from Beverloo's correlation. Research on 
granular fiow is still in the exploratory phase, and the time-dependent behavior of a bulk powder 
material may not yet be based on characteristics of the constituent particles [5]. Progress in this 
area must depend upon uncovering new correlations between the observed behavior and 
measured particle characteristics [6]. With this in mind, the study aims to provide experimental 
results on the use of hoppers with fine powders, the design of the test apparatus, and results of 
preliminary mass flow rate experiments conducted on a number of particle sizes and hopper- 
nozzles. 
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3. EXPERIMENTS 
3.1. Hopper-Nozzle Design 
Pipette tips, typically used for repetitive liquid dispensing, were an inexpensive and practical 
choice for producing multiple, nozzles with various opening diameters. The l-200(iL Uni-Tip© 
from BioPlas Inc., Fig. 2(a), is a siliconized polypropylene pipette tip with polished internal 
surfaces to help eliminate sample residue. The orifices of pipette tips are of nominal diameter 
0.75mm with a half-angle of 6.575° (Fig. 3). They are designed for precise volumetric delivery; 
however there is no guarantee on the uniformity of the orifice diameters. A pack of 48 tips may 
have deviation up to 0.1mm. 

1Z)6.82 

13,15" 

^4,90 

Fig. 2 Pipette tips, pipettes and drawn 
pipettes are used as test hopper-nozzles 

-J Mao.75 

Fig. 3 Pipette 
tip dimensions 

Fig. 4 A high resolution image of the cut orifice 
at approximately 40 X magnification 

Because the tips are made of polypropylene, they were fairly easy to trim with a utility knife 
under a magnifying glass. Images taken with a high-resolution digital camera (Fig. 4) were used 
to make diameter adjustments and verify the quality of the cut surface [12]. Eleven orifice 
diameters from 0.75mm to 2.5mm in steps of 0.125mm were created for testing. As an 
alternative to the polypropylene tips, Pyrex 5mL glass pipettes, Fig. 2(b), were diamond-ground 
to diameters 1.0-2.0mm in steps of 0.1mm. In addition, by heating and drawing the glass 
pipettes, smaller diameters in the 0.1 to 1.0mm range were produced. Fig. 2(c). 

3.2. Powder Delivery Apparatus 
An extended column for powder above the pipette tip is needed, and additional height was 
achieved with 30mm long, 8mm O.D., 5mm I.D Pyrex glass tubing. The tube was held vertically 
by a standard laboratory support stand and clamps (Fig. 6). The end of the Pyrex glass tube was 
ground down, tapering to 7nmi so that pipette tips could be conveniently attached and removed 
during experiments (Fig. 5). 

Gravity and pressure-assisted flow conditions were achieved by modifying the conditions at the 
upper free surface of the powder column. When the top of the powder column is open to 
atmosphere, gravity flow condition is achieved. Pressure assisted experiments were designed to 
achieve continuous flow for powder/nozzle combinations for which there was no flow under 
gravity. A 250 psi compressed air supply, regulated by two Bellofram© type 70 precision air 
regulators, was fed through 1/4" O.D., 3/16" I.D. nylon tubing to the powder column (Fig. 6). 
Both air regulators are capable of reducing the 250 psi line supply; however the 0-2 psi regulator 
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has a much larger number of turns than the 0-30psi. regulator, providing fine tuning in the low 
pressure range. Two Omega© digital pressure gauges with 0.01 psi resolution were joined to the 
regulators for pressure readings. A stopcock was used above the powder column to stop/start air- 
pressure assistance. Vibration assisted experiments were designed as an alternative to pressure 
assisted flow to get a continuous flow when there was no flow under gravity and to overcome 
some problems encountered with pressure assisted flow, as will be discussed later in this paper. 
For vibration assisted flow experiments, a piezoelectric (PZT) actuator strip was placed near the 
tip of nozzle (Fig. 7). The PZT actuator has a resonance frequency of 29 fflz, free deflection of 
3.4 |im and could be actuated at any frequency in the range 0-25 kHz using a sinusoidal signal of 
different frequencies generated using a Lab View program and National Instruments PCI-MIO- 
16E-1 input/output card. 

f       ipyrex glass 

'0 

-■.^■^^m'^^samf^ 

region ■   :"« where 
glass tube 

■"'^"" ' «  ^^^ ^^^^ 

the pipette 

fm 
pipett« 

1 

tip :                ■              'M 

Fig. 5 Glass tube attached to 
pipette tip to get extended 
column of powder 

Fig. 6 Test setup; data acquisition 
with 1-mg resolution balance, lOHz 
sampling with PC interface 

Fig. 7 Use of a PZT actuator strip for 
vibration assisted flow 

3.3. Mass Flow Rate Experiments 
The test particles were high-quality soda-lime glass beads, verified by a distribution histogram as 
90% within the specified U.S. sieve mesh sizes and 90% spherical. The particle sizes used were 
325-400mesh (38-45^m), 270-325mesh (45-53|am), 230-270 mesh (53-63|im), 200-230mesh 
(63-75^m), 170-200mesh (75-90^im), 140-170mesh (90-105^m), and 120-140mesh (105- 
125|j,m). All the powders had bulk density of 1.3 g/cc. 

The A«&D GF-200 Precision Balance, a 0-200g, 0.00Ig resolution digital balance with RS-232C 
serial interface was used for sampling. The balance has Windows Communications Tools© 
software for easy data transfer. In its most rapid response mode, the balance has a lOHz sampling 
frequency. Data can be imported into Microsoft Excel© or stored as unformatted data for other 
applications. 

Experiments began with the calibration of the balance with an ASTM standard lOOg mass. The 
powder delivery apparatus was positioned over the scale, and powders were deposited into an 
8mL narrow-mouth glass bottle. Four samples were taken under each test condition, and mass 
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data from the balance was transferred directly to a PC and stored as generic data files. The files 
werb then processed using a program written in Matlab© for generating plots of the mass 
accumulation and mass flow rate versus time. 

3.4. Angle of Repose Experiments 
The angle of repose is defined as the angle of the free surface of a pile of powder to the 
horizontal plane. It is a measure of flowability and cohesiveness of a powder. A modified Angle 
of Repose of a Heap test (British Std. 4140) [10] was used to characterize the flow of each of the 
test particles. Some of the modifications include: 
a) A substrate of identical powdered material as that 
of deposited powder was used. 
b) A polyethylene funnel with inner diameter ot'^'^- 
4mm was used. 
c) The height of the polyethylene funnel above the 
substrate was lowered from 5.2cm to 5mm to save 
powder used in each test (only 0.5 grams of 
powder was needed). 
d) Concentric circles used to measure the angle of 

repose were drawn for every 5°. 

funnel 

S.2cm 

FiE.9. Modified setup to measure angle of repose 
Fig.8. Setup for measuring angle of repose, 
British Std. 4140 flOl 

3.5 Pattern Deposition Experiments 
Deposition experiments were conducted on a servo motor-driven X-Y table, with optical encoder 
feedback. This table is controlled by an SB214PC multi-axis controller from ACS-Tech80 Inc. 
The maximum resolution of the table is 0.0005in. (0.0127mm). Patterned bed designs were 
programmed using ACS-programming language. 

4. RESULTS AND DISCUSSION 
4.1. Gravity Flow 
Table 1 shows the average mass flow rate for the range of nozzle sizes and particle sizes tested 
under gravity flow. Under gravity, there was no flow for particle sizes below 63nm through the 
entire range of nozzle openings (orifice diameters) tested. Fig. 10 shows the plot of mass flow 
rate vs. nozzle opening for the four particle sizes that flowed under gravity. It is observed that 
there is very little variation in the mass flow rate with particle size in the range tested and flow 
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rate for all particle sizes, in the range(63-125|im) can be described by a single power law curve 
fit with R^= 0.9823 

Orifice 
diameter 
Do (mm) 

Average mass flow rate(g/s) for various powder particle sizes mesh) 

120-140 
(105-125 
lim) 

140-170 
(90-105 
urn) 

170-200 
(75-90 
urn) 

200-230 
(63-75 
nm) 

230-270 
(53-63 
um) 

270-325 
(45-53 
urn) 

325-400 
(38-45 
urn) 

0.75 0.0173 0.0173 0.0210 0.0168 
0.875 0.0259 0.0285 0.0245 0.0260 
1.00 0.0315 0.0275 0.0346 0.0423 1^ 1 rr\ 
1.125 0.0484 0.0467 0.0474 0.0536 IM / 
1.25 0.0542 0.0650 0.0752 0.0692 
1.375 0.0947 0.1014 0.1048 0.1151 T?- r r\^ T7 
1.5 0.1063 0.1064 0.1560 0.1493 r !> w vv 
1.625 0.1745 0.1585 0.1976 0.1925 
1.75 0.2255 0.2237 0.2154 0.2072 
1.875 0.2758 0.2615 0.2700 0.2765 
2.00 0.3073 0.2991 0.2972 0.2901 

Table 1. Gravity mass flow results 

From Beverloo's correlation, eq. (1), we get 

G,=Cp,4^{D,-kd)"^D,= 
(     1      \'' 

CPB\[g, 
Gr+kd (2) 

There is a linear relationship between Do and Gs°''. Therefore, if Beverloo's correlation, for some 
values of C and k, holds for this experiment, a linear relationship would be expected between Do 
and G^'^ obtained fi-om the experimental data. Fig. 11 shows a plot of Do vs. Gs'^ for the 
experiment. It is observed that experimental data can be described by a straight line with a fit of 
R^ = 0.9828. Using a mean particle size of 91jim, fi-om the slope and intercept on Do-axis of this 
line and using eq. (2) we get 

C = 0.604, k = 2.86 (3) 

The values of C and k were also calculated for each of the four particle size distributions 
individually in a similar manner and are listed in tab. 2. The mean values of C and k obtained 
from these calculations are 0.0602 and 2.855 respectively, which are very close to those obtained 
above from a single line fit through all the experimental data. This shows that the value of C and 
k given by relation (3) can be used with eq. (1) with a mean particle size J=91|im to predict the 
mass flow rate for the particle sizes in the range 63-125^m. Thus, for the particle sizes in the 
range 63-125nm, flow rate under gravity can be predicted by a single expression 

-\2.5 
G, =0.604/757i'(A-2-86j) ■   gis, 0.15mm<D^<2mmm,   d=9\fim (4) 
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Fig. 11 Master linear plot of Do vs. G^'' for the experimental data of all the particle sizes tested 
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120-140 mesh 0.650 
140-170 mesh 0.601 
170-200 mesh 0.576 

It should be noted that the value of C =0.604 obtained from our jParticle Size 
experiment is nearly the same as that (0.583) obtained by Beverloo 
et al. [1], while the value of k is almost double (2.86 vs. 1.4). The 
differenece in the values of k might be due to the fact that the 
particle size used in our experiments (10-125|im) is one order of |200-230 mesh|0.580 
magnitude smaller than that( 1.6-3.0mm) used by Beverloo et al. It 
is possible that the value of k depends on the particle size, d. 
However due to lack of experimental data for the particles in the 
range 125|im-1.6mm the exact dependence of k on d could not be 
deduced. 

2.665 
2.828 
2.774 
3.154 

Table 2. Values of C and k 
obtained from individual plots of 
Do vs. Gs ■ for each particle size 

4.2. Pressure-assisted flow 
As mentioned earlier, particles below 63^m do not 
flow under gravity through the nozzle sizes tested. 
To fluidize these powders gas pressure assistance 
was used. However, some problems were 
encountered. When the column height was low, the 
powder spurted out with very high velocity, an 
undesirable effect. Minimum possible kinetic 
energy of powder particles is desired so that powder 
spreading on a substrate is minimized when a 
pattern is deposited. For the fine powders (e.g., 10- 
25|jm), constant flow rate was not achieved; the 
flow was sporadic and unpredictable as shown in 
fig. 12. Hence, an alternate approach to depositing 
fine powders consistently was sought. 
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Fig. 12 (a) mass vs. time plot, (b) mass flow rate 
vs. time plot for 10-25|im powder from 1.5mm 
nozzle under 0.75 nsi nressure 

4.3. Vibration-assisted flow 
To overcome the problems presented by pressure- 
assisted flow, vibration assistance was used. A PZT 
actuator strip, as shown in fig. 7 and discussed 
earlier, was placed near the tip of nozzle to vibrate 
the powder column with low amplitude and high 
frequency. The plot of flow rate vs. vibration 
frequency for two powders that did not flow under 
gravity is shown in fig. 13. It is observed that there 
is a peak at 13 kHz for the particular position of 
PZT with respect to the nozzle opening that was 
used in the experiment. 
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Fig. 13 Plot of mass flow rate vs. frequency 
for flow through 0.5mm glass nozzle 

Continuous flow was obtained even for very fine 
powder  (10-25p,m)  through  a  200   |im  nozzle 
opening. An additional benefit of vibration assisted flow is that automatic valving to start and 
stop the flow was achieved without any additional mechanism. Further investigation on vibration 
assisted flow is under way. 
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4.4. Angle of Repose and Linespread 
The angle of repose for various powders as measured by powder piling experiment is 

shown in tab. 3. 

Particle size i^m 
(mesh) 

Angle of repose 
(degrees) 

250-300 

30 

90-106 
(140-170) 

35 

63-75 
(200-230) 

40 

45-53 
(270-325) 

45 

38-45 
(325-400) 

50 

10-25 

50 

Table 3. Angle of repose 

The angle of repose is a measure of cohesiveness of a powder; the larger the angle the more 
cohesive is the powder. When a line of powder is deposited, the width of line depends on the 
nozzle diameter and the cohesiveness of the powder. The spread of a deposited line is more for 
less cohesive (free flowing) powder than for more cohesive powder. Therefore, for the same 
nozzle diameter, the width of a deposited line is more when angle of repose is less and vice 
versa. 

A simple model to predict the linewidth deposited under gravity flow was developed 
based on angle of repose and principle of mass conservation which translates to the fact that the 
volume of the powder exiting the nozzle per unit time should be same as volume deposited if we 
assume the bulk density of the powder to be the same in the nozzle and the deposited line. For 
the powders in the 63-125^m size range, the linewidth is given by the following relations: 

—\1.5 

Let 0 be the angle of repose and /? = 
0.604yfg[D,-kcl) 

(5) 

Where v = velocity at which nozzle is moving (mm/s) 

Case-1 :For e > tan"' (—^ 1 Linewidth, 6 = (D„ - kd) 
(Do-kd) ^ ^ 

—\0.5 
0.6047g(Do-/fcf) 

1 + ^^—  
vtan^ 

mm (6) 

Case-2:For 0 < tan .-1 

KDo-kd 

^                      ^.55^ (D,-kd) 
Linewidth, B=- ^^ ^ 

—\1,25 

ylvtanO 
mm (7) 

Fig. 14 shows pictures of lines of 140-170 mesh powder (0 = 35°) deposited at three different 
speeds from 0.75mm nozzle. Table 4 compares the calculated linewidths with actual linewidths 
obtained from experiments. It is observed that the predicted linewidths matches experimentally 
measured values closely (within approximately two particle diameters). 
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V(mni/s) Calculated 
Linewidth 

Experimental 
Linewidth 

68 0.58 mm 0.8 mm 
56 1.00 mm 1.2 mm 
25 1.51 mm 1.5 mm 

Table 4. Comparison of predicted linewidth 
with experimentally measured linewidth 

Fig. 14 Lines of 140-170 mesh powder deposited from 0.75 
mm nozzle at nozzle speeds 68, 56, 25mni/s respectively (left 
to right) 

4.5. Pattern Deposition 
The following illustrations are proof-of-concept for various types of single and multi-material 
patterned beds that are envisaged for the construction of various heterogeneous devices. 

ptM 1 K   ' K "■■ "' ' J;y 

1 1 1 
(a) (b) 

Fig. 15 (a) Rastered bed of 90-106nm glass beads deposited under gravity flow; Area deposited: 60mm X 60mm, Total 
deposition time: -120 seconds. Nozzle opening: 0.75mm (b) Single layer of a "Swiss Roll" microcombustor device deposited 
under gravity flow; Material: dyed red 90-106nm soda-lime. Nozzle openings: 0.75mm, Line Spacing: 2mm, Typical deposited 
linewidth: 0.8 mm, Deposition Speed: 25.4 mm/s, Deposition time: 30 seconds 

1^ 
(a) (b) 

Fig. 16 (a) A single layer of a radial graded composition deposited under gravity flow; Material: soda-lune glass beads (90-106 
Hm) transitioning to Ti-6A1-4V (75-125jim), Nozzle opening: 0.75 mm. Line spacing: 0.75mm, Typical deposited linewidth: 0.8 
mm (b) negative Poisson's ratio "bowtie structure" deposited with vibration assistance; Material: Nylon-6 (10-100 ^m), Nozzle 
opening: 0.5 mm. Line spacing: 2.5mmX5mm(each half bowtie). Typical deposited linewidth: 0.2mm 

CONCLUSIONS 
A preliminary study of the flow of fine powders from small scale hoppers demonstrates that 
highly spherical particles in the size range 63-125nm may be delivered at continuous mass flow 
rate under gravity and the mass flow rates can be predicted by Beverloo's correlation with 
C=0.604 and k=2.86. The value of k might have a dependence on particle size, d, however this 
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dependence could not be deduced due to lack of necessary experimental data. For delivering 
powders below 63|im, alternate techniques need to be adopted. Gas pressure assistance can be 
used, but some problems are associated with it, e.g., powder spurting out with high velocity, and 
sporadic and unpredictable flow in the case of fine powders. Vibration assistance seems to have 
potential of delivering fine powders through small nozzle openings. This method also has an 
advantage of achieving automatic valving without any additional mechanism. 

The linewidth model can be used to predict the widths of lines for powders with particle sizes in 
the 63-125^m range deposited under gravity through a nozzle opening in the range of 0.75mm- 
2mm. 

The results of this study are useful for development of a hopper-nozzle array for incorporating 
multiple powders in the SLS process. Future work will include further investigation of vibration 
assisted flow, developing a numerical model for granular flow processes, and developing more 
sophisticated model to predict linewidth. 
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Abstract 

Previous research focused on the advancement of the Selective Laser sintering (SLS) 
technology to incorporate discrete muhiple material processing. The powder delivery subsystem 
rolled each material sequentially into selectively removed voids in the part bed, produced by 
vacuum suction, to form a single horizontal layer. This method, although it minimized changes 
to the traditional SLS technology, produced components with significant material cross 
contamination between discrete regions. A new powder delivery method was designed to 
alleviate this problem in which ahematively a nozzle precisely deposits material into vacuum 
suctioned. Micro-powders, such as those used in SLS, do not readily flow through openings due 
to the adverse cohesive and drag forces. A uniform powder flow rate for micro-sized particles is 
achieved by the introduction of pressurized air through the nozzle wall near the outlet. 
Experiments were performed to determine the optimal hopper back pressure and nozzle injected 
air pressure to obtain uniform flow rate for the commonly used Duraform PA bulk material. 

Introduction 

Students at The University of Texas at Austin have pursued Muhiple-Material Selective 
Laser Sintering (M^SLS) research efforts. M^SLS is separated into two distinct categories, 
functionally graded material for FGM (material composition is varied over a distance) and 
discrete (material regions are separated by discrete boundaries). Perez performed experimental 
investigations of powder mixing and delivery devices for FGM [1]. WC-Co one dimensional 
FGM SLS components were built by Jepson [2]. Selective powder delivery methods for M^SLS 
were investigated by Jackson and simple discrete M^SLS components were built using a DTM 
Sinterstation 2000 [3,4]. Although simple geometry parts were buih successfully using vacuum 
suction as a selective powder removal method, several process issues arose during the 
investigation of discrete M^SLS selective powder delivery subsystems. The focus of this 
research is to design a powder delivery subsystem for discrete M^SLS building on previous 
research results. Design methodology is applied to generate concepts for alternative delivery 
methods. Figure 1 is a schematic of the material delivery method utilized in preliminary 
experiments. 

Powder Classification 

Typically, SLS powders are plastic and polymer coated metal or ceramic in the size range 
of 40 nm - 150 |j,m. During processing powder is transported to the build platform by a roller, 
doctor blade or nozzle.  It is necessary to understand the transport behavior of powders in this 
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size range. Fluidized solids behavior is classified into four groups, characterized by density 

differences (/?,-/?^)and mean particle size [5].    Powders are grouped by broadly similar 

properties when fluidized by a gas. Behavioral predictions should be limited to individual 
groups, for many characteristics of fluidized powders are dissimilar even though few are 
common to all fluidized powders. 

Group A consists of materials having a small mean particle size and/or a low particle 
density (less than 1.4 g/cm^). Powders in this group are characterized by an appreciable bed 
expansion before bubbling commences and slow (0.3-0.6 cm/s) collapse upon sudden gas supply 
cut off Group B contains powders in the mean size and density ranges 40 \im< J„ < 500 \im 

and 4 g/cm^ > p^>lA g/cm^ In contrast to group A powders, naturally occurring bubbles start 

to form at or slightly above minimum fluidization velocity. Powders that are cohesive belong in 
group C. "Normal" fluidization is extremely difficult; the powder lifts as a plug in small 
diameter tubes or channels (rat-holes) badly. These behaviors are seen because the interparticle 
forces are greater than those the fluid can exert on the particle. This is generally the result of 
very small particle size, strong electrostatic charge or high water content. The last classification, 
group D, is for large and or very dense particles. Figure 1 shows the classification diagram. 
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Figure 1: Geldart powder classification diagram for fluidization by air (ambient conditions) [6]. 

Discrete M SLS 

Building on fundamental knowledge of powder classification discussed above, research 
focus is turned to a precision powder delivery subsystem. A precision delivery method alleviates 
process issues encountered with the selective delivery method used in simple geometry part 
build. A proposed method removes and replaces secondary and possibly primary material roller 
delivery with nozzle delivery. This will eliminate part shifting and powder cross-contamination 
issues which arose during preliminary experiments for electrostatic and vacuum powder removal 
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methods.   A schematic of a process where the primary powder is roller delivered and the 
secondary powder is nozzle delivered is shown in Figure 2. 

Sintered 
Powder A & B 

Unsintered 
Powder A .^Vacuum 

Unsintered 
Powder B 

Compiled Part 

DepostPowderB w Bi Nozzb Sebctwey Shterwlh Laser hcrEmentiPattBulb Pbtfbrm 

Figure 2: Schematic of precision discrete M^SLS powder delivery method. 

To develop this concept uniform powder delivery must be accomplished. Powder must 
be taken from storage bins and delivered to the build chamber. The delivery rate, line width and 
height must be controlled to ensure accurate part geometry. The first step is to investigate the 
effect of design variables on the rate of powder discharge. A Design of Experiments (DOE) is 
discussed in the next section. 

Nozzle Powder Delivery 

A simple nozzle powder delivery experiment is designed to determine the effect of 
several design variables on the flow rate of two powders, DuraForm PA and CastForm PS. 
Preliminary trials are performed to determine where control variables will be set for 
experimentation and bounds for performance variables. Das reports uniform mass flow is 
achieved for decreased particle size with an increase in back pressure [7]. The delivery back 
pressure is set at a constant 1.5 psi for experimentation. Nozzle aeration pressures are tested in 
0.1 psi increments between 0 psi and 1.0 psi. Trials reveal a high cohesive arching sensitivity to 
slight decreases in nozzle air pressure. It is found that above 0.1 psi nozzle air pressure tends to 
disperse the powder turbulently (discharge a large radial spray) or cause cohesive arching after 
the powder in the nozzle is discharged. Figure 3 displays both the desired and undesired 
discharge patterns. This second effect is seen when the nozzle pressure exceeded the amount of 
air required to separate the particles and acts as an upward force on the powder column. Below 
0.1 psi the powder intermittently arches cohesively at the beginning of the trial or mid trial. The 
nozzle aeration pressure is set at 0.1 psi for all trials of the DOE. The design parameters used for 
the DuraForm PA and CastForm PS experiments are discussed in the next sections. 
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(a)                                (b) 

Figure 3: Powder discharge from conical nozzle (a) desired discharge with minimal spray and (b) 
turbulent discharge with excessive spray. 

Nozzle Design 

The nozzles were built by traditional SLS out of DuraForm PA. Two sets of four nozzles 
pictured in Figure 4 were fabricated. The center shaft of one set of nozzles is coated with silver 
paint which is connected to conductive tape and wired to ground. This allows a pathway for 
residual charge to travel from the powder. SLS was chosen as the nozzle fabrication method due 
to the ease of building complex shapes with internal cavities and small channels. 

The inner shaft of each nozzle has a 25.0 mm vertical wall with an inlet diameter of 5.0 
mm, a half angle of 10.5° and an outlet diameter of 2.5 mm. Each nozzle contains an air inlet 
and'an internal chamber allowing air to pass through the inner wall into the powder pathway. 
The shape of the nozzle air configuration is varied to determine the effect on powder flow. The 
spiral configuration is chosen from an analogy design methodology technique and a radial 
configuration is chosen to investigate a uniform distribution of aeration near the nozzle onfice. 
A list of the nozzles used in the DOE is given in Table 1. 

Nozzle # Shape Coating Standpipe 

1 R N N 
2 S N N 
3 R N Y 
4 S N Y 
5 R Y N 
6 S Y N 
7 R Y Y 

8 S Y Y 

Table 1: Design nozzles used where R is radial, S is spiral, Y is yes and N is no 
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Powder 

Inlet 

Aeration 
HoL 

Figure 4: Nozzles used for DuraForm PA and CastForm PS powder delivery DOE (a) radial air 
configuration, (b) radial air configuration with standpipe, (c) spiral air configuration, and (d) 

spiral air configuration with standpipe. 

Experimental Setup 

The mass of powder discharged from interchanged nozzles is measured at timed 
intervals. Powder is contained in a 52 cm glass tube with a 5.0 mm inner diameter. Individual 
nozzles are attached to the bottom of the glass tube for the respective trial. A Fisher Scientific 
A-160 Balance (0.0001 resolution) collects mass measurements at 10 Hz. Two Bellofram 
regulators (0-5 psi) and Wika pressure gauges (0-3 psi) are used to regulate and monitor the back 
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and nozzle pressures respectively.   Hyperterminal is used to acquire data directly from the 
balance. Figure 5 is an image of the experimental powder delivery setup. 

Powder 
Column 

Ground 
Wire 

Balance 
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Pressure 
Gauges 

Delivery 
Nozzle 

Figure 5: Experimental setup for nozzle powder delivery. 

The maximum tube powder capacity is measure before each trial, 4.5 g for DuraForm PA 
and 4.0 g for CastForm PS. Since a critical height must be maintained for mass flow in a hopper, 
up to thirteen times the hopper diameter [31], this is critical for data analysis. Pressures are 
adjusted and the powder is allowed to discharge from the nozzle. 

Design of Experiments 

A DOE evaluates the individual and coupled effects of design variables on a performance 
metric [8] of which two are considered, the deviation of mass flow rate from uniform (yO and the 
correlation factor of mass flow rate to a linear trend line (ya). Both of these metrics are measured 
as deviations from target values where the targets. Uniform flow is represented by a zero slope 
mass flow rate curve with a correlation factor of one. The number of trials (N) is set at 2", where 
n is the number of design variables. The number of experiments performed (X) is double the 
number of trials and they are randomized to prevent in accuracy due to noise. Separate 
experiments are performed for two materials, DuraForm PA and CastForm PS. Discharge of 
powder is seen with all nozzle geometry variations for DuraForm PA but not for CastForm PS, 
therefore the design variables are not the same. During initial investigation of CastForm PS 
delivery, initial and intermittent cohesive arching is encountered with nozzles with a standpipe. 

• 
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therbfore the nozzles containing a standpipe are remove from the experiment.   Experimental 
design variables for both experiments are given in Tables 2 and 3. 

d, : Air Inlet Shape    da    : Coating (Silver Paint)       dj   : Standpipe 
+ 4 X radial                       Yes                                            Yes 

8 x helix                        No                                             No 
Table 2: Design variables for DuraFonn PA delivery experiment. 

di    : Air Inlet Shape   dj   : Coating (Silver Paint) 
+       4 X radial                      Yes 

8 X helix                        No 
Table 3: Design variables for CastForm PS nozzle powder delivery experiment. 

In addition to both control and design variables, noise variables must be taken into 
account. Several test conditions contribute to inconsistent mass flow patterns and tendencies 
toward cohesive arching. Environmental humidity can have an effect of powder behavior due to 
polymer susceptibility to water absorption. Also, the test temperatures for these experiments are 
well below the build temperature, 180° C and 86° C for DuraForm PA and CastForm PS 
respectively. Interparticle and particle-wall friction contribute to uniform flow resistance. SLS 
parts, regardless of the material system used, present a grainy surface finish due to the powder 
particle size, the layer-wise building sequence and to the vibration of the roller mechanisms 
during powder delivery [9]. Extensive noise can cause performance metric sensitivity to design 
variables to be statistically insignificant if prominent. 

Collected Data 

The mass flow rate is derived fi-om the interval mass measurements and the measurement 
rate. Both the cumulative mass and flow rate are plotted. Figure 6 is a plot representative of the 
data collected during most trials. This plot is data from DuraForm PA experiment nine (trial 3) 
corresponding to a radial aeration configuration, no conductive inner wall coating and a 
standpipe. The flow rate starts off fairly uniform and increases as the powder level reaches the 
critical height required to maintain mass flow. As the remaining powder is pushed from the 
glass tube there is a sharp peak in the mass due to the force on the balance due to the back and 
nozzle air flows and a recoil as the air pressure is relieved. Performance metric analysis is 
performed on mass measurements before the critical height is reached. 

99 



Accelerating 
ri 

4 ► 

r^-. *   Mass (g)     -^ Mass Flow Rate (g/s) 
ft. 

Steady Flow Region                 ^ 

> 

y   \    Critical 
'--t^ Height <  

Flow                           ^^0^^ 
Initiation             ^^g**^*^"^ 

/ 

Reached 

\ 

2.5 

1.5 S 

60 
Time (0.1 sec) 

Figure 6: DuraForm PA experiment 9 trial 3 data plot (radial air configuration, no conductive 
coating and with standpipe). 

The effect of change in design variables on powder flow in the steady flow region of the 
data plot is of interest. The mass flow curve from the flow initiation point to the critical height 
point is fit to a linear curve. The mass flow rate uniformity is measured as the absolute value of 
the deviation in the slope of the curve from zero, which is represented in Equation 5.1. The 
correlation factor is calculated as the least squared sum of a linear trend line deviated from one. 

y\ = O-m (1) 

Sixteen experiments, two replicates (r) of eight trials, are performed for the DviraForm 
PA DOE. The data is represented in two matrices (each with size X by 1) for the uniformity of 
mass flow rate and correlation factor measurements respectively. The normalized values for 
DuraForm PA design variable and coupled term high and low bounds are represented by "1" and 
"-1", presented in Tables 4. Similarly, eight experiments are performed for CastForm PS powder 
delivery investigation. Table 5 represents the collected data from this DOE. 
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Experiment Trial # Mean d1 d2 d3 d1d2 d1d3 d2d3 d1d2d3 y1 Y2 
2 8 -1 -1 -1 -1 0.5639 0.0374 
5 8 -1 -1 -1 -1 0.2674 0.0135 
1 7 -1 -1 -1 0.0215 0.8800 

13 7 -1 -1 -1 0.0690 0.6030 
4 6 -1 -1 -1 0.0416 0.4680 
16 6 -1 -1 -1 0.2790 0.1929 
11 5 -1 -1 0.1420 0.1318 
14 5 -1 -1 0.1170 0.1949 
3 4 -1 -1 0.0237 0.0420 
7 4 -1 -1 0.0460 0.0216 
g 3 -1 -1 -1 0.0210 0.2311 
12 3 -1 -1 -1 0.0210 0.3823 
10 2 -1 -1 -1 0.0270 0.0910 
15 2 -1 -1 -1 0.0900 0.1713 
6 1 0.0210 0.1932 
8 1 0.0260 0.0812 

rable A v. Collected data from DuraForm PA DOE. 

Exp# Trial # Mean d1 d2 d1d2 y1 y2 
1 4 -1 -1 1 0.0229 0.1061 
4 4 -1 -1 1 0.0095 0.1081 
5 3 -1 -1 0.0199 0.1174 
6 3 -1 -1 0.0019 0.3880 
2 2 -1 -1 0.0015 0.3492 
7 2 -1 -1 0.0015 0.3258 
3 1 1 0.0011 0.3047 
8 1 1 0.0021 0.2052 

Table 5: Collec ted data Tom Cas tForm PJ 5 DOE. 

Results and Discussion 

Nozzle powder delivery of DuraForm PA and CastForm PS shows promise due to the 
majority of data collected that show seemingly uniform mass flow rates with little pulsing. 
Three trials between both DOEs resulted in repeatable results for both yi and ya for repeat 
experiments. The powder flow behavior is consistent and the total powder discharge time for 
replicate experiments in all cases is +/- 0.5 sec. Figures 7 and 8 are data plots of mass flow rate 
for the DuraForm PA and CastForm PS repeatable trial results. In addition to these promising 
results, several trials resulted in repeatability of either yi or ya but not both. These plots are 
presented in the Appendix with the full set of plots and data tables. 
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Figure 7: Repeatable trial results from DuraForm PA DOE for both yi and ya, experiments 2 and 
5 from trial 8 and experiments 11 and 14 from trial 5. 
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Figure 8: Repeatable trial results from CastForm PS DOE for both yi and ya, experiments 2 and 7 
from trial 2. 

Unfortunately, results were not consistent during testing due to excessive noise.   For 
example, only one data set was collected for attempts with all nozzle geometries with no nozzle 
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aeration pressure, shown in Figure 9. Fortunately, this plot shows a fairly uniform mass flow 
rate with an average powder acceleration of 0.0011 g/s^ and minimal deviation from this trend 
line near the onset of discharge. This result shows promise for the investigation of nozzle 
parameters not studied in these experiments in coordination with aeration configuration. 
Replicate data sets with these parameters were unable to be collected due to cohesive arching. 

80 100 
Time (0.1 sec) 

Figure 9: DuraForm PA powder delivery with no nozzle aeration pressure, radial aeration 
configuration, no conductive inner wall coating and no standpipe. 

A trend observed in the mass flow rate of a few data sets is a linear increase to a uniform 
rate before reaching the critical powder height. Figure 10 is from DuraForm PA experiment 15 
(trial 2) corresponding to a radial aeration configuration with a conductive coating and no 
standpipe. A significant deviation from zero slope and correlation factor of one is seen in these 
plots of mass flow rate. This flow behavior is not duplicated in the replicate experiment of trial 
2, which caused significant noise in the data set. 
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Figure 10: DuraForm PA experiment 15 (trial 2) corresponding to a radial aeration configuration 
with a conductive coating and no standpipe. 

Inconsistent flow is seen in two DuraForm PA experiments. The powder in the glass tube 
does not steadily fall into the nozzle, but the nozzle aeration steadily clears the pathway. An 
unsteady mass flow rate is observed in these instances as shown in Figure 5.10 representing data 
from experiment one (trial 7) having a spiral aeration configuration and a conductive wall 
coating but no standpipe. The mass flow rate of this experiment is clearly not uniform. The 
resulting correlation factor is the minimum seen for all experiments at 0.12 with a deviation from 
1.0 of 0.82. These two plots significantly contributed to the noise in the DuraForm PA DOE. 

80 100 

Time (0.1 sec) 

Figure 11: DuraForm PA experiment one (trial 7) having a spiral aeration configuration and a 
conductive wall coating but no standpipe. 
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Analysis of Variance (ANOVA) 

ANOVA is used to test the significance of performance metric sensitivity to individual 
design variables and couples effects. These research efforts focused on two performance metrics 
of deviation of mass flow rate from uniform and flow rate data correlation factor as discussed 
above. The collected data is utilized to form two matrices, [X] and [y]. The [X] matrix is 
comprised of the mean, individual and coupled normalized terms, having the same number of 
rows as experiments performed and the same number of columns as trials. The [y] matrix is a 
column vector with the number of rows equal to the number of experiments performed. The 
sensitivity coefficients are found using the matrix operation of Equation 2, which form the 
general formulas for two and three variable linear models given in Equations 3 and 4 
respectively: 

[>5]=([xr[x]f[xrb](2) 
P = pQ-\-p^d^-\- p^d^ + p^^d^d^ + error (3) 

P = p^+P,d,+ p^d^ + p,d^ + p,^d,d^ + p,,d,d, + p^,d^d, + P^^d.d^d^ + error (4) 
The probability of significance of each sensitivity coefficient is determined using 

ANOVA. The terms associated with coefficients deemed significant with a 90% confidence 
remain in the model. Other terms are considered to be part of the noise and are dropped fi-om the 
model equation. 

Another method for determining statistical noise is to calculate the standard deviation (a) 
of [y] data. The statistical noise is considered to be three times the standard deviation. If a 
sensitivity factor, E = 2p, is less than the statistical noise, it can be considered insignificant to 
the performance. 

DuraForm PA 

Collected data in Table 4 is used to calculate the performance metric sensitivity 
coefficients for the DuraForm PA DOE. The stafistical noise is 0.0185 and 0.2660 for the yi and 
y2 data respectively. Performance metric sensitivity coefficients for both sets of DuraForm PA 
data are summarized in Table 6. Only the sensitivity coefficient P^ is significant in comparison 

to the statistical noise for yi. Two coefficients are significant in the correlation factor data, P^ 

and yffjs • ANOVA is performed to compare statistical significance confidence using the F-test. 

Trial Mean di d2 da dida dids d2d3 didjda 

Beta^ 0.0111 -0.0077 -0.0018 -0.0056 0.0025 0.0044 0.0040 -0.0045 

Beta2 0.2333 -0.0816 -0.0427 0.1039 0.0252 -0.0337 ^.1442 0.077 

Table 6: Average powder acceleration DuraForm PA experimental results. 

No sensitivity coefficients are significant within a 90% confidence using ANOVA for the 
average powder acceleration data. The coefficients yff, and >9,2 have the highest level of 

confidence, yff, corresponds to the individual performance sensitivity to aeration configuration in 
the nozzle.  The notably higher significance to change in performance metric shows a stronger 
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effect on aeration configuration as a design variable. All coupled coefficients have confidence 
levels <90% for the yj data set, which only compares with the p^i significance from earlier 

findings. These values are highlighted in Table 7. 

Term Variable DOF SSi SS2 MSi MS2 FO1 FO2 Pi P2 

BO mean 0.0326 0.1084 0.0326 0.1084 1.00 1.00 0.65 0.65 

B1 d1 0.0939 0.1069 0.0939 0.1069 2.88 0.99 0.87 0.65 

82 d2 0.0053 0.0295 0.0053 0.0295 0.16 0.27 0.30 0.38 

B3 dS 0.0506 0.1722 0.0506 0.1722 1.55 1.59 0.75 0.76 

812 d1d2 -0.0774 -0.3481 0.0774 0.3481 2.37 3.21 0.84 0.89 

813 d1d3 -0.0082 -0.8274 0.0082 0.8274 0.25 7.63 0.37 0.98 

823 d2d3 -0.0269 -0.9800 0.0269 0.9800 0.83 9.04 0.61 0.98 

8123 d1d2d3 -0.0613 1.0139 0.0613 1.0139 1.88 9.35 0.79 =0.98 

Total n/a 15 0.3243 0.8625 0.0216 0.0575 

Error n/a 8 0.2608 0.8673 0.0326 0.1084 

Table 7: ANOVA results for DuraForm PA delivery data, 

The slopes and correlation factors analyzed are on a small scale (0-1). Deviation in a 
sample causes a large standard deviation in the set.  It is consistent that the statistical analysis 
reveals sensitivity factors to have low confidence levels.   The average deviation from uniform 
mass flow rate slope is 0.0111 g/s^ for the DuraForm PA experiments with a low of 0.0021 g/s 
and high of 0.0564 g/s^ 

CastForm PS 

Similar results are seen in the CastForm PS data. Table 8 lists the sensitivity coefficients 
for the yi and ya performance metrics respectively. The statistical noise for these data sets are 
0.0172 and 0.2098. Comparing these coefficients to the noise, only the mean sensitivity 
coefficient for the deviation from uniform flow rate data is greater than the noise. ANOVA is 
used to test if any coefficients have significance with confidence <90%. 

Trial Mean di da did2 

Betai 0.0075 -0.006 -0.0013 0.0013 

Beta2 0.2381 0.0582 0.0158 -0.057 

Table 8: Average powder acceleration CastForm PS experimental results. 

As seen with DuraForm PA, no coefficients reach a 90% confidence significance level. 
The yff, and /?,2 coefficients have the highest level of confidence as seen in the DuraForm PA 
data. DuraForm PA and CastForm PS have similar material properties and particle size 
distributions. The average particle diameters are 58 )im and 62 )i,m for DuraForm PA and 
CastForm PS respectively with particle size range of 25-106 fim [10-11]. The densities of the 
two powders are also comparable at 0.97 g/cm^ and 0.86 g/cm^ (ASTM D792). The ANOVA for 
the deviation from uniform mass flow rate showed no significant coefficients also. 
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Term Variable DOF SSi SS2 MS., MS2 FO1 FO2 Pi P2 
BO mean 1 0.0001 0.0688 0.0001 0.0688 1.00 1.00 0.63 0.63 
B1 dl 1 0.0003 0.0271 0.0003 0.0271 2.25 0.39 0.79 0.44 
82 62 1 0.0000 0.0020 0.0000 0.0020 0.11 0.03 0.24 0.13 

B12 d1d2 1 -0.0002 -0.3295 0.0002 0.3295 1.78 4.79 0.75 ?0.91 
Total n/a 7 0.0006 0.0969 0.0001 0.0138 
Error n/a 4 0.0005 0.2752 0.0001 0.0688 

Table 9: ANOVA for average powder acceleration CastForm PS results. 

The presence of desired data trends shows promise in powder delivery by nozzle with 
aeration through the wall. Further investigation of alternative design parameters such as nozzle 
material (wall friction coefficient), half angle, inlet diameter, outlet diameter and nozzle shape in 
coordination with the design variables evaluated in these DOEs will aid in understanding powder 
behavior. Several factors are considered for improvement of powder delivery by nozzles. 

Two materials were investigated in this research effort, which are readily available, but 
very similar in size, distribution and properties. The goal of powder delivery for multiple 
materials is to have the ability to deliver any material desired dependent on application. 
DuraForm PA and CastForm PS are two polymer powders currently used commercially with 
small particle sizes (25-106 pm). These materials were chosen because delivery of smaller 
powders is difficult. Cohesive attraction between particles causes unpredictable powder 
behavior. Experimental improvements will be seen when a broad base of materials are 
investigated. 

DuraForm PA nozzles built with traditional SLS, which proved to be a large source of 
statistical noise. The surface roughness of SLS parts is typically in the range of the bulk powder 
size. Powder delivery through a nozzle is complicated by additional friction factors. The wall 
friction contributes to undesired flow behavior. The use of a polymer contributes to the build up 
of residual electrostatic charge along the wall and powder. The use of an alternative nozzle 
material for powder delivery will reduce the noise due to particle-wall interaction. A polished 
inner channel wall will reduce friction and a grounded metallic nozzle material will provide a 
pathway for charge removal. 

Experimental environmental conditions for data collection are far from normal operating 
conditions for DuraForm PA and CastForm PS. Both powders are processed at elevated 
temperatures, in excess of 80°C, and additional environmental controls. These experiments were 
performed at room temperature with no humidity control or monitoring. Additional equipment 
would be required to provide these parameters. Nozzle powder delivery will be more accurate 
when investigation is performed as close to realistic operating conditions as possible. 

One nozzle geometry and two aeration configurations were investigated in these 
experiments. The aeration holes are 1.0 mm diameter (smallest SLS feature size), which should 
be reduced for optimal performance. Both the nozzle geometry parameters; diameters, half angle 
and shape and aeration configuration should be varied to determine the optimal performance for 
powder delivery of a given material. A simple radial arrangement with four holes was used, 
where the number of holes could be varied along with the placement of the holes. A straight 
vertical line could be used similar to the spiral configuration. 
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A 52 cm glass tube was used as the powder hopper for powder discharge. The amount of 
data observed to have a relatively uniform mass flow rate comprises a small fraction of the 
column height. The use of a larger powder column will allow the collection of larger data sets 
per experiment. In addition, the implementation of controls in the future to eliminate any 
fluctuation in back and nozzle pressures will prevent the fluctuation of mass flow rate from 
uniformity. 

There is promise for delivery of powder with nozzles. Success was observed with other 
gravity powder discharge experiments at The University of Michigan [7]. Positive data was 
observed in these research efforts. With the incorporation of the noted improvements discrete 
multiple material powder delivery has the potential of success. 
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Abstract 

Since the introduction of Solid Freeform Fabrication technologies, processing capabilities 
have evolved to include simultaneous processing of multiple materials in a single component. 
Selective Laser Sintering (SLS) technology advancement research is being conducted at The 
University of Texas at Austin to incorporate discrete multiple material processing. Multiple 
material freeform components are manufactured with material regions separated by discrete or 
blended (functionally graded) interfaces. An application for discrete M^SLS processing is found 
in the production of complex sand core geometries for hollow features in casting. Materials 
research was performed to identify a support material which bums out during the core firing with 
little or no residue. A Design of Experiments was performed to determine the effectiveness of 
electrostatics as a selective powder removal process. Feasibility of producing components by 
means of discrete M^SLS was proven through the fabrication of simple geometry tubes. 

Introduction 

Now that single material processing is thoroughly understood for most solid freeform 
technologies, the push is toward advancement of these processes to include the processing of 
muhiple materials simultaneously. Multiple material freeform components can be classified as 
discrete, where material regions are separated by discrete boundaries, or functionally gradient 
materials (FGM), where the material composhion is varied over a distance. Technologies such 
as Shape Deposition Manufacturing (SDM) and Laser Engineered Net Shaping (LENS) have 
been successful in producing discrete and FGM multiple material freeform components 
respectively [1-2]. Processing multiple material components by means of SLS is advantageous 
over other freeform techniques due to the wide material pool available [3]. Any material that can 
be obtained in a powder form and is heat-fusible with or without a binder is a potential SLS 
process material. Materials used in traditional manufacturing processes, such as sand and 
polystyrene m casting operations for example, are also SLS bulk materials providing the 
capability to produce fully functional components by indirect or direct methods. 

Sand Casting 

The traditional process of creating sand casting cores is complex and time consuming. 
Each internal core is created separately and then assembled by precise gauging. DTM 
Corporation (now 3D Systems) created a material, Sandform (polymer coated sand particles), 
which allows the preassembled manufacturing of complex geometry sand casting molds by 
indirect-SLS manufacturing. A green part is produced by traditional SLS and the green mold is 
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cleared of any support powder from the SLS build.  The polymer binder is burned out and the 
sand particles are sintered during a furnace post fire process. 

Unfortunately, a process problem is introduced when cleaning the green part of support 
powder after SLS processing. Removal of powder from small vent holes (1/4" diameter) often 
requires excessive handling which can result in fracture of the green mold. One solution to this 
problem is modification of the current SLS process to incorporate the simultaneous processing of 
multiple materials in a single build. A secondary material can be utilized as part support during 
the build which will bum out leaving little to no residue on the mold during fiimace firing stage, 
eliminating the need to handle the part to remove excess Sandform from the green part. 
Freeform multiple material components can be classified as discrete (material regions are 
separated by discrete interfaces) or ftinctionally gradient (material blend composition is varied 
over a distance). A proposed powder delivery method for discrete M^SLS is discussed below. 

Discrete M^SLS Process 

Traditional SLS employs a counter-rotating roller to deliver a uniform layer of a single 
powder to the part bed. The complication arises in the deposition of multiple powder regions in 
a single horizontal layer during the automated part build process. There are three general 
methods to perform the deposition; (1) by depositing a complete layer followed by iterative 
selective removal and blind deposition of secondary materials, (2) precisely placement of each 
material in the desired location, or (3) a combination of these two. Our research focuses on the 
first powder delivery method and is displayed in Figure 1. 

fill g    c •X 

Deposit Powder A with Roller 

I'i^ 
Selectively Sinter with Laser Selectively Remove with Vacuum 

X 1'^- u 
F3 

Completed Part 

Deposit Powder B with Roller Selectively Sinter with Laser Increment Part Build Platform 

Figure 1: Process schematic for the M SLS powder delivery method. 

First, a uniform layer of the first desired powder (Sandform in our case) is delivered by a 
counter-rotating roller as in traditional SLS and the CO2 laser sinters the powder where desired 
in the cross-section. The second step is the selective removal of Sandform by vacuum suction to 
create a void where a region of CastForm PS is desired. Finally, a small amount of powder is 
placed on the build platform and swept in to place by the roller and sintered where desired. The 
part bed is lowered and this process is repeated until a complete complex geometry multiple 
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material component is produced. Electrostatic powder removal is investigated as an alternative 
powder removal method experimentally. 

Experimental Setup 

Two selective powder removal processes were chosen for comparison during concept 
selection for the design of a powder delivery subsystem. Both electrostatic and vacuum suction 
powder removal processes are studied as means of selectively removing powder from the part 
bed to create a void where a secondary material can be deposited. Electrostatic forces can lift 
small particles as used in alternate applications such as forensics and laser printers [4-6]. A 
simple three variable experiment is designed to investigate the volume of powder that can be 
removed from a powder bed using electrostatic attraction. Similarly, vacuum suction can lift 
powder to create a void for secondary powder deposition. Simple geometry multi-material 
components are fabricated in a DTM Sinterstation 2000 using suction to selectively create voids 
during part build. 

Electrostatic Powder Removal 

An experiment is performed to determine the effects of three variables on the layer 
thickness removed from a scaled powder bed using electrostatic attractive force. Figure 2 is a 
schematic of the experimental setup cross-section. The setup is similar to a parallel plate 
capacitor with a vertical air gap and loose powder resting on the bottom plate. The upper plate 
(charge plate) is supplied with an alternating current, while bottom plate was grounded. During 
a brief charging time (1-5 sec) the loose powder jumps from the bed and adheres to the charge 
plate. The charge plate is weighed before and after each trial with a Fisher Scientific A-160 
balance (0.0001 resolution) to obtain an accurate change in mass. A simple Design of 
Experiments (DOE), which is discussed below, is used to evaluate the sensitivity of mass 
removed to each variable. 
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Figure 2: Electrostatic experimental setup cross-section schematic. 

Simple Geometry Component Build 

Simple geometry components were built in a DTM Sinterstation 2000, pictured in Figure 
3.  The process steps described in the schematic of Figure 1 were used to build these parts.  A 
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separate part build is set up for each material region within a cross section. The process chamber 
door is opened after each material region is built to manually remove residual powder with 
vacuum suction and place powder on the build platform to be delivered by the roller. As many 
as ten layers were built sequentially in each part. Part quality and process issues will be 
discussed below. 

Figure 3: DTM Sinterstation 2000 in the UT SFF Manufacturing Laboratory. 

Design of Experiments 

The Design of Experiments evaluates the effects of three main electrostatic control variables 
on the ability to attract loose powder from a particle bed. The performance metric chosen is 
mass lifted from the powder bed. The three process parameters or design variables investigated 
were powder removal height, charge voltage and powder material. The design variables and 
levels used are listed below in Table 1. The control variables, which are kept constant 
throughout the experimental trials, are the test bed dimensions and testing environment (pressure 
and temperature). The significant noise variables are the test environment humidity, powder 
moisture content, residual charge on powder between trials and the particle size distribution. 
Experimental data and results are presented below. 

d, 
Powder Removal 
Height (mm) 

d. 
Charge Voltage 

• (V) 
d3 : Powder Material 

d/ = 4.826 da^ = 6750 d/ = Duraform 

d{ = 0.762 d2- = 2700 ds" = Castform 

Ad, = 4.064 Ad2 = 4050 
Table 1: Design variables and levels. 

Table 2 shown below illustrates the DOE matrix used for the experiments.   The trials 
were randomized to eliminate any bias that could be introduced due to the order in which the 
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experiments were conducted. In addition, the trials were completed in one day to minimize 
environmental variation noise. The numbers "-1" and "1" indicate the normalized value of the 
design variable used for that trial, which represent the low and high values respectively. For 
example, trial number six pertains to a set of dl = "-1", 62 = "1" and d3 = "-1", therefore the 
experiment was performed with a powder removal height of 0.762 mm, a charge voltage of 6750 
V with Castform powder. Table 2 includes the measured values of mass (g) of powder removed 
from the powder bed in each trial. An initial inspection of the data shows moderate variations 
between replicates indicating the presence of noise. The results will be discussed in more detail 
below. 

Experiment Trial # IVIean dl d2 d3 d1d2 d1d3 d2d3 d1d2d3 y 
3 8 -1 -1 -1 -1 0.0204 
12 8 -1 -1 -1 -1 0.0210 
2 7 -1 -1 0.0114 
4 7 -1 -1 0.0106 
14 6 -1 -1 -1 0.0336 
16 6 -1 -1 -1 0.0457 
6 5 -1 -1 -1 0.0789 
7 5 -1 -1 -1 0.0766 
9 4 -1 -1 -1 0.0393 
15 4 -1 -1 -1 0.0395 
1 3 -1 -1 -1 0.0102 
13 3 -1 -1 -1 0.0055 
5 2 -1 -1 0.1121 
10 2 -1 -1 0.1190 
8 1 0.2510 
11 1 0.1966 

Table 2: Design of experiments collected data 

An Analysis of Variance (ANOVA) was performed on the collected data. The ANOVA 
is used to determine sensitivity factors and test their feasibility. This is done by decomposing the 
total variation observed across experiments into sources of variation [7]. From the feasible 
coefficients a three-factor linear regression model can be obtained. The general form of the full 
three-factor linear regression model is: 

P = P^-\-p^d^ +A^2 +A^3 +)^12^l^2 +;^13^1^3 +A3^2^3 +A23^1^2^3 +errOr    (1) 

where the P's are the regression fitting coefficients for each variable and combined effect [8]. 
Table 3 is a summary of the experimental result from which the regression coefficients are 
derived. 
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Trial Mean di dj da didj did3 djd. didjdj Pu P|,2 P|,avg 

1 0.2510 0.1966 0.2238 

2 -1 -1 -1 -1 0.1121 0.119 0.1156 

3 -1 -1 -1 -1 0.0102 0.0055 0.0079 

4 -1 -1 -1 -1 0.0393 0.0395 0.0394 

5 -1 -1 -1 -1 0.0789 0.0766 0.0778 

6 -1 -1 -1 -1 0.0336 0.0457 0.0397 

7 -1 -1 -1 -1 0.0114 0.0106 0.0110 

8 -1 -1 -1 -1 0.0204 0.021 0.0207 

Beta 0.067 0.0131 0.0472 0.0297 0.0234 0.006 0.0258 0.0115 

Table 3: Design of experiments results 

Results 

ANOVA is also used to test for significance of the mean and each regression coefficient 
in the general model using the F-test [8]. If the amount of variation of each variable and/or 
combined effect is high (> 3a) compared to its effect on powder mass removal, the coefficient 
will be insignificant and can be eliminated from the general model resulting in a reduced order 
model. Table 4 gives the ANOVA calculations including the Probability of the F-Test. The 
terms with F-Test probability values approaching 1.00 are values of high confidence. With 90% 
confidence a reduced order model is established. 

Tab 

Term Variable DOF ss MS FO P 

Bo mean 0.0093 0.0093 46.52 1.00 

B, di 0.0028 0.0028 13.89 0.99 

Bz d2 0.0357 0.0357 179.44 1.00 

B3 d3 0.0141 0.0141 70.91 1.00 

B4 did2 0.0088 0.0088 44.24 1.00 

Bs dids 0.0006 0.0006 2.93 0.87 

Be dzds 0.0107 0.0107 53.56 1.00 

By did2d3 0.0021 0.0021 10.64 0.99 

Total n/a 16 0.0763 0.0048 

Error n/a 8 0.0016 0.0002 

e 4: AN( OVA tab e of stat istical re; suits and Probabi ity ofF-' est. 

The terms associated with the linear regression coefficients determined to be insignificant 
are eliminated from the general form of the model. These terms do not effect the experimental 
variation and will have little to no effect on the experimental results [7]. The reduced order ternis 
with high coefficient values are the most sensitive to small variations in the corresponding 
experimental terms. The performance of the electrostatic removal of loose powder from the test 
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bed is affected most dramatically by change in applied charge voltage. Only the coupled 
coefficient P 13 was deemed insignificant, therefore the remaining terms are included in the 
reduced order model, shown below. 

P = 0.067+ 0.0131c/, +0.0472^2 +0.0291 d^ + 0.0234J,c?2 +0.0258^2^3 +0.0115J,c?2fi?3 (2) 

Figure 4 illustrates two simple geometry components manufactured by M SLS with 
vacuum suction used for the selective powder removal method. The components each consist of 
a solid Sandform base built in a traditional SLS automated build topped with several muhi- 
material (Sandform and Castform) layers built manually as discussed above. These parts were 
successfully produced after several manufacturing attempts and process parameter variations. 
Several process issues arose due to the inconsistent environment while opening and closing the 
chamber door during the manual build of the multiple material layers. These process and 
additional materials research issues are discussed below. 

Castform region Multi-material layers Sandform base and regions 

Figure 4: Simple geometry components buih with M SLS using vacuum suction. 

Discussion 

The result of the DOE produced several important insights into the removal of loose 
powder from a particle bed by means of electrostatic attraction. Resuhs showed that although 
significant amounts of powder were removed by electrostatic force, the removal patterns were 
inconsistent between trials. The objective of the experiment was to determine if the depth of the 
powder removed from the test bed can be controlled within the window of deposited layer 
thickness of traditional SLS, 0.004"-0.015". When accounting for the density and loose packed 
volume of the powders removed, minimum and maximum depths removed were 0.0008" and 
0.0239" respectively. One combination of test parameters gave a promising result. The trial five 
parameter combination ("1", "1", "-1") resulted in the most uniform powder removal from the 
test bed. Figure 5 demonstrates this pattern. These results in conjunction with a successfiil part 
build show promise for the potential to build discrete multi-material fi-eeform powders from a 
wide range of material with SLS. Unexpected experimental results were observed during 
electrostatic removal of powders and manual build of simple geometry components. 
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(a) (b) 
Figure 5: Trial 5 powder removal pattern (a) powder collected on the charge plate and (b) 

remaining powder in test bed. 

Several trial parameter configurations result in inconsistent powder removal. The 
parameter combination of Trial 6 ("-1", "1", "-1") causes the powder to build in isolated 
locations, which in time build bridges between the powder bed and charge plate. This creates a 
connective path, preventing the charge from distributing uniformly on the plate. This can be 
caused by imperfections on the surfaces of the charge plate or the powder bed. A halo formed 
around the perimeter of the powder bed opening signifying a build up of charge around the rim 
of the bed. Another interesting effect is the appearance of a snake-like pattern in the attracted 
powder and bed as produced by the Trial 2 ("-1", "1", "1") parameter combination. During 
experimental testing under these conditions discharge sparks were seen between the charge plate 
and powder surface. The attracted and remaining powder patterns are pictured in Figure 6. 
While the mass of the powder removed under these parameter combinations is significant, the 
patterns are nonuniform. This leads to excessive powder removal in regions while insufficient 
powder removal in the remaining regions. Considering the goal is to remove a uniform layer of 
powder from a bulk powder bed, these results are undesirable. 

While the experimental results show promise for the use of electrostatic attraction as a 
selective powder removal method, there is the presence of inconsistent performance. The 
ANOVA revealed all but one regression coefficient to be significant to the mass of powder 
removed from the powder test bed. This implies that the error in the model is low. Although 
this is desired, the inconsistent powder removal patterns prove the complexity of a system using 
this technology. The challenge of using electrostatics is only expected to increase when 
incorporating process parameters as seen in SLS. Other powder removal methods will be 
evaluated before the fiirther investigation of electrostatics as the primary means. 
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(c) (d) 
Figure 6: Undesired powder removal pattern (a) trial 6 attracted powder pattern, (b) trial 

6 powder remaining in test bed, (c) trial 2 attracted powder pattern, and (d) trial 2 powder 
remaining in test bed. 

Process Issues 

During the simple geometry part fabrications several process issues arose. SLS powders 
require elevated build chamber temperatures for optimal sintering. Optimal powder sintering is 
achieved during SLS by elevating the temperature of the powder to just below the powder (direct 
SLS) or binder (indirect-SLS) and supplying energy to surpass the melt threshold with a laser 
[9]. Some powders require additional build environmental controls such as an inert atmosphere 
to prevent oxidation. The manual multi-material powder delivery requires the chamber to be 
opened between material regions. Disrupting the chamber environmental equilibrium, especially 
process temperatures, inhibits the part build. Incomplete interlayer fusion was seen in the layers 
built manually. Figure 7(a) displays layers flaking away around the edges of a multi-material 
cross-section. 
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Figure 7: M^SLS process issues; (a) interlayer delamination or incomplete powder 

adhesion and (b) layer shifting of multiple material layers. 

The mechanical delivery of the second powder by a roller caused two problems. Initially 
the part bed piston was left even with the build platform for delivery of the Castform. As the 
roller delivers the Castform to fill the void region layer shifting occurs when the roller collided 
with the part. This was compensated by lowering the piston below the level height to allow 
sufficient clearance between the part surface and the roller. Misalignment of the two material 
regions within the cross-section results, which causes part dimension in accuracy. The second 
problem is material cross-contamination. As the roller delivers the Castform it is rolled over the 
entire exposed part surface and part bed. Residual Castform is left on the surface outside the 
desired deposition area and intermixes with the unsintered Sandform in the bed. The Castform 
can add to the problem of incomplete fusion between consecutive Sandform layers and possibly 
contribute to delamination. Figure 8 displays the desired Castform deposition area and the 
evidence of powder outside this region. The upper layers of this part delaminated at the 
interlayer boundary. 

Figure 8: Cross-contamination of the SandForm region with CastForm outside the 
desired deposition region. 
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Future Work 

The successful simple geometry discrete M^SLS component part build encourages the 
research effort for SLS technology advancement here at The University of Texas at Austin. The 
induced process issues encountered during investigation of electrostatics and vacuum selective 
powder removal techniques reveals the need for further design efforts. The delivery method 
used in this experiment, although traditional SLS process and machine changes are minimized, 
induced further process issues that must be alleviated for Discrete M^SLS to be commercially 
successful. Design methodology will be applied to investigate design alternatives. Further 
experimentation will be performed to test the feasibility of precision rather than selective powder 
delivery subsystems. 
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Abstract 

This paper discusses an approach for planning the motion of the laser deposition 
head relative to the part for fabrication of complex 3-D shapes such as parts with 
overhangs, branches, and internal cavities in direct metal deposition processes such as the 
LENS™ process. The proposed approach is based on slicing the solid model of the part 
into equal-thickness slices perpendicular to the normal build direction and formulating a 
motion planning strategy based on the properties of these slices. The paper discusses the 
four sub-approaches that are proposed to handle a variety of complex 3-D shapes parts. 

Introduction 

The Laser Engineered Net Shaping (LENS ™) process developed at Sandia 
National Laboratories and commercialized by Optomec Design Company of 
Albuquerque, New Mexico, is one of the first successful techniques for direct metal 
deposition. A LENS™ machine delivers powder directly to the beam/powder interaction 
region on the substrate. A high-powered Nd:YAG laser melts the powder, solidifying it 
to the substrate. The LENS™ machine scans the entire x-y cross-sectional slice from the 
CAD model, steps in the z-axis, and then repeats the process over again until the part is 
fabricated. 

An important problem in the LENS™ process is the development of general 
motion planning algorithms that plan the motion of the laser deposition head relative to 
the part for fabrication of complex 3-D shapes such as parts with overhangs, branches, 
and internal cavities and passages. Current methodology uses a computer model of the 
part to produce a tool path that guides the laser deposition system to form successive 
layers, building the part from bottom to top. The parts are built using a three-axis 
positioning system that moves the laser head relative to the part. As the part is formed, 
the powder delivery nozzle moves upward. This approach does not work for parts with 
complex features such as branches. For these parts, the parts need to be rotated to enable 
the laser head to be perpendicular to the part section while being fused. 
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This paper addresses the development of a general motion planning methodology 
that can work for arbitrary-shaped parts. The goal is to start with a solid model of the part 
to be manufactured as an input and to generate multi-axis laser scanning paths as an 
output. The proposed method assumes the LENS™ fabrication machine will be equipped 
with at least two additional axes to allow for two axes of part rotation. These axes can be 
either added to the laser deposition head, to the holder that the part is mounted to, or as a 
combination of the two. Any developed methodology need to be general enough to work 
with multi-axis configurations for both part manipulation or deposition head 
manipulation setups. 

Very little work has been reported in the literature on motion planning.of multi- 
axis LENS™ machines. In addition, no work has been reported yet to automatically 
control, based on the solid model alone, deposition for more than 3 axes of motion. 
Researchers at Sandia [1] have reported on the use of a six-axis robot to hold and 
manipulate a part during deposition. Optomec, the commercializer of the LENS™ 
technology, has sold machines which are equipped with 5-axes of motion. But, no 
software has yet been formulated which takes advantage of these axes in a generic and 
automatic way. The use of more than 3 axes of motion has always required significant 
operator intervention and programming to enable fabrication of complex geometries. 
Lockheed Martin, which owns an Optomec LENS™ machine, has reported on the use of 
a six-axis articulated robot [2] that carries the deposition head, but they too have been 
unable to successftiUy develop a methodology for using these additional axes without 
significant operator intervention. 

Classification Procedure 

In developing a methodology for conversion of a solid model CAD file into a 
motion file that drives the multi-axis LENS'^" machine, our approach is based on slicing 
the solid model into equal-thickness slices perpendicular to the normal build direction. 
The first step in this approach is to develop a classification procedure that can classify the 
different types of parts based on the properties of these slices. We have categorized all 
solid parts into the following four categories: 

Normal Build Parts: Are those parts that none of their slices has an overhang. Examples 
of such parts are shown in Figure 1. 

Fig. 1 Normal Build parts 
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Rotationally Symmetric Overhang Parts: Are those parts that are rotationally symmetric 
and also some of their shces have an overhang. Examples of such parts are shown in 
Figure 2. 

Fig. 2 Rotationally Symmetric Overhang parts 

Regular Overhang parts: Are those parts that are non-rotationally symmetric, some of 
their slices have overhangs, and there are no closed branches or internal cavities. An 
example of such parts is shown in Figure 3. 

Fig. 3 Regular Overhang parts 

Complex Overhang Parts: Are those parts that have either closed branches or internal 
cavities. Examples of such parts are shown in Figure 4. 

Fig. 4 Complex Overhang Parts 
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To aid in the classification procedure, we need to develop several algorithms. 
These include ones to compute if the current slice has an overhang relative to the lower 
slice, to compute if a slice has more than one closed contour, and to compute if the slices 
are rotationally symmetric. 

Planning Approach 

The second step in this approach is to develop a fabrication strategy for each of 
these categories. Parts of the first category can be fabricated with three axis machines and 
automatic approaches for their fabrication already exist. All parts in the remaining 
categories require more than three axes of motion to be fabricated, and will be discussed 
in this paper. 

For Rotationally Symmetric Overhang parts, our approach is to fabricate the part 
in two stages. In the first stage, the no-overhang core of the part will be made. In the 
second stage, the core will be rotated 90 degrees and the reminder of the part fabricated 
similarly to a standard cylindrical cladding operation. 

For the third category of parts. Regular Overhang parts, our approach is to start 
fabricating the part slice- by-slice starting from the lowermost slice until we reach a slice 
that has an overhang. At this point, the non-overhanging portion of the slice will be 
fabricated first, then the part will be rotated (typically 90 degrees) and the overhang 
portion will be fabricated as if it was a normal part. The approach will then be repeated 
for the remaining slices. 

As an illustration of this approach. Figure 5 shows a simplified 2-D sequence for 
fabricating a part that has an overhang. The bottom two slices ("a" and "b") have no 
overhang so they are built using standard procedures. The third slice has an overhang, so 
it is split into two portions. Portion "c" is fabricated first on the top of the two previous 
slices. The part is then rotated 90 degrees, and then portion "d" is fabricated. The part is 
rotated back to its original orientation before fabricating the fourth slice. The fourth slice 
has an overhang relative to the third slice, so it is fabricated in two portions ("e" and "f') 
similar to the third slice. The last slice ("g") is fabricated last in the normal build 
orientation. In actual implementation, the slices will be thin (0.01" typically), so several 
slices will be combined together so that the overhanging portions will have sufficient 
strength. 
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Fig. 5 Illustration of the build strategy 

For the fourth category of parts, Complex Overhang parts, our approach will be 
similar to that of the third category with the exception that it may not be possible to 
fabricate the whole part using the above strategy alone due to limitations arising from 
interference between the laser head and the part or due to lack of powder support for 
certain portions of the parts. For these cases, a modified strategy is suggested which 
involves re-positioning of the part to enable part fabrication and building at angles that 
are not perpendicular to the build surface. Build angles ranging from 60-120 degrees are 
easily achievable using LENS™, and in some cases build angles from 45-135 degrees are 
achievable, thus there remains some flexibility for building parts whose geometry makes 
it impossible for the head to be exactly perpendicular to the deposition surface. For 
certain geometries it may be necessary to build "sacrificial" supports, which must be 
removed later. The removal of these supports will be greatly simplified by utilizing a 
sacrificial material that can either be chemically removed or simply melted out after 
fabrication. This is possible due to the multi-material deposition capabilities of LENS™. 

Discussion 

For the proposed approach, the following issues need to be addressed: 

1. Sequencing of the fabrication procedure for parts with several branches, 
including identification of the initial build orientation. 

2. Checking for interference between the part and the machine head 
3. Generation of the needed geometrical information for fabrication when the 

part axis is rotated away from the normal build direction. 
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We believe that the proposed fabrication strategy is novel and has the following 
advantages: 

1. Slicing is a standard feature available on most CAD packages that interface 
w^ith rapid prototyping systems. 

2. All the part characteristics are determined based on evaluating the properties 
of the sHces, which are mathematically not difficult to evaluate. 

3. The planning procedure is local and does not require decomposition of the 
part into different sub-volumes. 

Currently work is underway to implement the above presented method. The 
successful implementation of such a 5-axis deposition control scheme will greatly 
enhance the ability of direct metal deposition processes to produce and repair real 
components with substantial geometric complexity. 
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Abstract 

A vital part of the Industrial Design and Technology degree course at Loughborough 
University is the development of appearance and functional prototypes. Previously, the use of 
rapid prototyping (RP) has been fairly limited because of the high cost and problematic timing 
issues of using external facilities. However, during 2003, the availability of an in-house FDM 
2000 machine has greatly increased the use of RP models. This paper identifies the impact this 
has had upon a) the design approach, b) the characteristics of the models produced and c) the use 
of the models with user evaluation trials. Conclusions drawn show that RP has brought major 
benefits but that there are some pitfalls that must be avoided. 

Introduction 

The Industrial Design and Technology degree course at Loughborough University is 
characterised by an integrated treatment of the aesthetic, ergonomic and functional aspects of 
product design. Final year students are encouraged to incorporate all three into their major 
design project and to validate their product design through user evaluation. This necessitates the 
use of appearance models and functional prototypes within user evaluation trials. 
Conventionally, appearance models will be used to convey aesthetics and some ergonomic 
aspects to the user while functional prototypes are used to convey the remaining, more technical 
features. In industry, rapid prototyping (RP) has been used to help produce both appearance 
models and functional prototypes, often yielding significant time and cost savings. However, 
recent research at Loughborough [Evans, 2003] has shown that the greatest benefit of RP to 
industrial design is the ability to create an integrated appearance model/functional prototype, 
often called an appearance prototype. When used in this manner, it can not only reduce time and 
costs but also improve the designer's confidence in the resuhs of user trials because of the 
increased realism of the prototypes used. Therefore, it has become an aim of the Department of 
Design and Technology (DDT) at Loughborough to encourage the use of RP whenever possible 
and beneficial. 

If rapid prototyping (RP) is to become a widely used tool within the field of industrial design, 
it is necessary for students of the subject to be completely familiar with its capabilities and 
limitations. To this end, DDT set up close relationships with local RP service providers, initially 
in a nearby RP bureau, and more recently, in another department at Loughborough. However, 
the uptake of RP remained rather low, with less than 10% of final year students making use of it 
during their major design project. This was partly due to the relatively high cost of using the RP 
bureau and some scheduling problems with the other university department. However, it was 
also believed that there may have been a lack of willingness to use RP techniques because they 
were seen as "engineering only" tools. At the beginning of the 2002/03 academic year, DDT 
acquired FDM 2000 and ThermoJet RP machines for its own use. Although quite old, the FDM 
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machine worked well, once a new deposition head had been fitted. It was hoped that the addition 
of an in-house facility would promote greater student familiarity with RP techniques in general 
and break down any perceived barriers. This paper describes the effect that in-house RP has had 
within DDT and the impact it has had upon the students' design process. The overall aim of the 
paper is to present results and draw conclusions that will help industrial design departments in 
other universities who find themselves in a similar situation. 

Background 

The Industrial Design and Technology course at Loughborough is a three year imdergraduate 
programme that can lead to a BSc or BA, depending on which optional modules are taken. It is 
one of only a few university courses in the UK which place major emphasis on both the outward, 
aesthetic properties of a product together with the internal technology required to provide the 
product's function. Therefore, the students cover a wide range of subjects including sketching, 
manual model making, product semantics, multi-media presentation, engineering drawing, 
electronics, mechanics, materials, computer-aided design (CAD) and design for manufacture. 
Great importance is attached to a hands-on approach to design. Students undertake project work 
in all three years aimed at assimilating and applying the knowledge they have gained from other 
modules. Graduates from the programme have been known to embarque on careers in 
engineering design as well as industrial design. 

The major design project undertaken by all final year students is the culmination of all their 
practical activities. It runs across both semesters and has a nominal student time input of 500 
hours, in total. The first semester concentrates on finding a potential market for a product, 
developing a product design specification, generating several concept designs and selecting one 
for further development. During semester two the students are expected to convert the chosen 
concept design into a fully detailed design, produce a functional prototype, have it evaluated by 
potential users and consider design for manufacture issues. If the functional prototype does not 
reflect the actual appearance of the final product then a student will be expected to produce an 
appearance model also. It is during this "prototype manufacture" stage of the project that 
students will employ their model making skills. Traditionally, this has involved manual 
modelling in blue foam, medium density fibreboard (MDF), various plastics, aluminium, steel 
and occasionally, textiles. The techniques used include machining, forming, welding, filling, 
sanding and painting. Computer numerical control (CNC) milling and routing is sometimes used 
for both component and tool manufacture, and more recently, vacuum casting has been used to 
replicate models in more representative materials. In the past, the predominant use of manual 
techniques has often made it difficuh for students to combine both an organic form and intricate 
internal details within a single appearance prototype. 

Throughout the duration of the project, students are expected to attend weekly seminars that 
cover both organisational aspects of the module and various skills and knowledge they will need 
to apply. RP is introduced to the students during one of these seminars. They are given an 
overview of how it works, the techniques available, its pros and cons, and the importance of 
having a high quality CAD model to drive the RP process is stressed. All of the students will 
have covered 3D CAD in both their first and second year but mostly this is confined to solid 
modelling techniques. It should be noted that around half of the students will already have had a 
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more detailed introduction to RP during an optional final year module entitled "Computer-aided 
Modelling and Manufacture" (CAMM). This module also exposes them to more advanced 
CAD/CAM techniques such as freeform surface modelling and three axis CNC machining. 
Therefore, the CAMM students tend to have acquired more skills and knowledge in regard to the 
"digital" design process. It is interesting to note that 85% of the students who used RP during 
their project had attended the CAMM module. 

Data Collection 

The aim of this research was to determine the effect that the introduction of in-house RP has 
had within DDT and, in particular, the impact it has had upon the students' design process. To 
do this it was necessary to gain an insight into how and why students had used RP. This was 
undertaken in two ways. Firstly, a questionnaire was given to all the final year students asking 
specific questions about their use (or non-use) of RP. The aim of the questionnaire was to obtain 
some quantitative data regarding the use of RP. The questionnaire generally followed the same 
format as one that had been used with industry-based designers in a previous research project 
[Campbell, 1998]. However, it had to be tailored to the different circumstances faced by 
students. The questions are listed in the Appendix. Secondly, to gain more qualitative data on 
the impact that RP had had upon students' design process, several student projects were treated 
as case studies. Their use of RP was tracked throughout their projects and the resulting 
prototypes analysed to see what benefits RP had yielded. The results obtained from both strands 
of the research are now presented together with some preliminary analysis. 

Questionnaire Results and Analysis 

The questionnaire was issued to all 90 final year Industrial Design students who had just 
completed their major individual design project. 35 students completed the questionnaire, 
equivalent to a response rate of 39%. Of these 35 students, 20 had used RP during their project 
whereas 15 had not. It is known that a large majority of those who did not respond had not used 
RP. Therefore, it can be estimated that approximately 25% of the final year had used RP this 
year, a big increase over the previous year when only around 10% had used it. A range of 
reasons where given for not using RP with just under half of the responses being "not appropriate 
to project". This is a fairly vague phrase but other students were more specific. Virtually equal 
numbers cited "lack of know-how", "unsuitable materials", "product too large", "RP too 
expensive" and "simpler to use conventional techniques" as reasons for not using RP. In regard 
to RP being too expensive, the students were charged at a rate of 25 pence (40 US cents) per 
gramme for FDM models. This was much less than a commercial rate but could still result in 
larger models having a significant cost. The "lack of know-how" most likely refers to a 
deficiency in CAD skills rather than a lack of knowledge about RP techniques. This can be 
assumed because only half of the students took the optional final year CAMM module. 

Of the 20 students who did use RP, the predominant reason given (cited by 14 students) was 
"the ability to create more complex or more organic product forms". Other reasons were 
"improved accuracy", "better surface finish", "faster process", "more convenient" and "to gain 
experience". None of these was cited by more than four students. It should be understood that 
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the majority of the students were comparing RP to conventional, manual techniques for model 
making rather than to CNC machining or other final production processes. 

Half of the students required only a small number of RP models (five or less) and the 
distribution for the remainder can be seen in Figure 1. The largest number of models made for 
any one student was 26. 11 of the students made use of the in-house FDM machine, whereas the 
numbers who used SLA, ThermoJet and SLS were 8, 4 and 2 respectively (7 students used more 
than one machine). Although the cost of using FDM was greater (SLA, ThermoJet and SLS 
models were provided for free), the convenience of using locally located facilities seemed to be 
more important to many. Other reasons given for usage of particular techniques were accuracy, 
strength, surface finish and suitability for investment casting. Indeed the fact that several 
students used more than one technique showed that they had gained an understanding of the 
relative merits of the various systems available. 
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Figure 1: Number of students against numbers of models used. 

75% of the students used their RP models as functional components within their prototype 
whereas only 20% used models for purely visualisation purposes. This shows that the majority 
of students had recognised the ability of RP to create models that have similar characteristics to 
final production components. 25% of students used their RP models for vacuum casting, again 
the aim being to arrive at fiinctional components. Other uses for the models where investment 
casting (1 student), assembly checking (2 students) and ergonomic testing (1 student). Several 
students used different models for different purposes, again showing a good understanding of RP 
system capabilities. 

In an attempt to determine if RP had opened up new design possibilities for the students, they 
were asked if they would still have made the same models if RP had not been available. 
Unfortunately, nine of students answered "not sure" which does not give much indication of their 
thought processes. However, four students said they would have made do without a physical 
model, perhaps using 2D images or a CAD animation instead of an appearance model. 
Obviously, for these students, RP had enabled them to produce a more tangible output from their 
design process. For the seven students who said they would definitely have made the same 
models, all of them said they would have used manual modelling techniques with three saying 
they would also have used CNC machining. Following on from this, the students were asked if 
they had used conventional modelling techniques alongside RP. 85% of them had done so and 
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the number of students using each of a wide range of techniques is shown in Figure 2. This 
shows that the traditional skills of industrial designers compliment well the capabilities of RP. 
The students were entirely at ease with creating a high quality prototype from an RP model with 
stair-stepping and supports. Furthermore, the technological capabilities of the students enabled 
them to combine this model with others created using plastic and metal-forming techniques. 
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Figure 2: Conventional modelling techniques used alongside RP 

The students reported a variable degree of success with using RP. The proportion of RP 
models that were deemed "satisfactory" by each student varied from 100% to zero. Figure 3 
shows the wide distribution of satisfaction levels. Most students have had a reasonably 
favourable experience in using RP but one student was dissatisfied with all the models produced. 
This was partly due to different expectations from the models and partly from the different RP 
techniques used. 70% of the students judged the quality of their RP models by the level of 
accuracy, 50% by appearance and 40% by surface finish (Most students listed more than one 
criteria). However, the strength, functionality and surface texture of the RP models were also 
considered important by some students. RP models produced by some techniques do not 
measure up well against all of these criteria. The two predominant reasons given for lack of 
satisfaction were "poor surface finish" (cited by eight students) and "poor accuracy" (cited by 
seven students. Considering that some students had used RP specifically to improve upon these 
two factors, h is possible they held some rather unrealistic expectations that have not been met. 

0 to 20%    21 to 40%   41 to 60%   61 to 80%   81to 100% 

Figure 3: Proportion of RP models judged satisfactory by students. 
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The last question tried to gauge what impact RP had had upon the design process employed 
by the students. They were asked how RP had changed their approach to design. 25% of 
students said that RP had enabled them to produce a more realistic prototype. A further 10% 
stated that they had been able to produce a single appearance prototype. When taken with the 
15% who cited "more complex shape possible" the result is that half of the students had been 
able to change their physical modelling strategy because of RP. The only other change in design 
process that was cited by more than one student was that model making had been quicker. This 
may also refer to the fact that only one set of models was required rather than both an appearance 
model and a functional prototype. 

The results of the questionnaire demonstrated that RP had been used intelligently by many 
students and had proved beneficial to their design project. However, little indication was given 
as to the extent that RP can change the way students work. To determine this, three of the 
highest ranked student projects were taken as case studies and analysed in more detail. 

Case Studies 

Three student projects used as case studies to probe further into issues that had been raised by 
the questionnaire. These were a) changes in the design approach followed, b) changes in the 
characteristics of the models produced and c) the enhanced use of the models within user 
evaluation trials. Each of the three case studies is now discussed in turn. 

Case study 1 - Michael's Glue Gun 

Michael's product was a re-design of a glue gun that was aimed at the 'hobbyist' and 
'craftsman' who wanted more sophisticated control of the glue as it is dispensed. His final 
design integrated mechanical, electronic and visual elements in order to meet his intended design 
specification (see Figure 4). 

Figure 4: Final design of glue gun 
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Early design development raised major problems concerning his aim to incorporate a 
motorised glue delivery system into a small pen-like product. Instead, it was decided that a 
separate motor housing should be coupled to the pen via a drive cable, since the required 
purpose-built motors and mechanical components v^ere outside the scope of his project work. 
He also decided that his product would be evaluated using two different prototypes. Firstly, an 
appearance model that would represent the aesthetics and "feel" of the final design, and 
secondly, a functional prototype that would represent the functional operation of the product - a 
key part of the 'added value' for this new product. 

Towards the later stages of the design project, Michael developed two parallel designs using 
CAD modelling to create a detailed assembly of parts. One design was to represent the new glue 
gun as it would be commercially manufactured, with custom designed electrical and mechanical 
parts. The model for this design was to be made using SLA parts. The other design included a 
similar (though slightly different) dispenser, a simple drive unit that would house a prototype 
motor drive (from a cordless screwdriver) and prototype electronics circuit. His intention was to 
deliver the glue with varying speed, to sense when the user has finished and retract the glue stick 
to prevent it dripping, and also to vary the heating element power depending on the iiitended 
gluing operation. The system required significant development and so a large drive unit, with 
substantial space for further development, was built in the stronger FDM 2000 material. Figure 
5 shows the two different prototypes side by side, and their differences are quite apparent. 

Figure 5: Appearance model (on left) and functional prototype (on right). 

Michael made no attempt to finish the surface of the FDM parts used to make the functional 
prototype. However, the SLA parts for the appearance model of the final design were hand 
finished and painted. Although not as robust as the FDM model, the purpose of this prototype 
served only to illustrate form and appearance, and it complemented the functional prototype 
well. The main conclusion to be drawn here was: 

that RP processes can be carefully selected to produce different prototype outcomes. 
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Case study 2 - Jon's CD Player 

Jon used a variety of different RP processes at different phases of his design development 
v^ork, all linked to his significant CAD modelling capability with Pro/ENGINEER software. He 
designed a domestic CD player, which included speakers that could be separately located, and 
also allowed remote control of the CD player volume and track (see Figure 6). The product 
comprised a main body (that included the CD player itself and the speaker battery chargers) and 
two symmetrical speaker 'pods' (that included audio receivers and control transmitters, together 
with batteries and NXT sound exciters so that the speaker cases acted as sound boards). This 
allowed the CD player to be used in wet environments, like showers, since the speaker 'pods' 
could be completely sealed. 

Figure 6: CD Player with various features indicated. 

Jon made use of ThermoJet wax models for proving the fit of the pods to the main body, and 
went through a number of design iterations to prove the initial concepts as the shape and form of 
the product developed. The product functionality took longer than anticipated to complete, so 
instead of using SLA models and vacuum casting to produce prototype polymer shells, he chose 
to use FDM models and then finish/paint their surfaces. He considered that the extra time 
needed to finish the FDM surface would be less than the time required to make silicone moulds 
and cast resin parts. 

The two plastic mouldings that formed the main body were attached to a cast aluminium 
'spine'. Although Jon considered modelling the spine by hand (which would have sufficed for 
such an early prototype), he decided to use a ThermoJet wax model of the part to make an 
investment casting in aluminium alloy, made as a one-off part. This provided a rigid framework 
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onto which the less substantial RP parts could be fastened, and so the CD player could be 
effectively evaluated as a fully working, appearance prototype. 

that the faster, less functional RP techniques enable rapid and copious design iterations, 
that the need for separate appearance model and functional prototype can be eliminated via 
the combined use of RP and secondary processes. 

Case study 3 - Kelly's Food Preparation Device 

Like Jon, Kelly made use of a several RP techniques at different phases of her design project. 
She was developing a food preparation product that exploited a new textured plastic within what 
was aimed to be a "cooking is fun" context. As with all students of the Industrial Design and 
Technology course, she started by analysing the potential market and considering the needs of 
users, helping her to generate initial ideas, concepts and design specifications. During this time, 
some'mechanical parts were modelled in CAD, and evaluated through mechanical simulation, 
but she still felt the need to physically model the mechanism. 

The shape and form of the different parts were developed using a combination of sketch 
work and CAD modelling, and then built in wax using the ThermoJet process (an example part is 
shown in Figure 7). These helped Kelly to evaluate the overall appearance of her design together 
with the comfort and other related ergonomic factors of the hand-held parts in particular. These 
parts could have been modelled in foam, either by using 3-axis CNC routing, or by hand. 
However, the wax RP model was an accurately formed prototype part that very closely followed 
the CAD model and Kelly's intended design. It required minimal finishing and was quickly 
achieved using an STL file generated from Pro/ENGINEER. The ability of the model to build 
internal features in the casing parts was particularly beneficial, since it allowed Kelly to check 
for fit and location of mechanical parts. Several versions of wax-modelled prototypes were 
produced during the concept development phase of the project, alongside continuing sketch and 
CAD modelling work. It is thought that the use of quick and easy RP output enabled a more 
effective design to be developed through a number of early design iterations. 

Figure 7: One of the ThermoJet models used for aesthetic, ergonomic and assembly evaluation. 
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As the project progressed, more robust components became necessary for full assembly and 
testing purposes and so FDM was used. Kelly decided to hand-finish these parts to in order to 
present her progress to her external "client company" (see Figure 8). 

Figure 8: Hand-finished FDM parts 

However, the quality of surface finish and detail was not considered to be sufficient for a final 
appearance prototype. Following some minor re-design after evaluation of the FDM models, 
Kelly used SLA models with subsequent vacuum casting for this purpose. Figure 9a shows a 
combination of SLA and vacuum casting parts prior to final finishing. 

(a) (b) 

Figure 9: Appearance prototype before and after finishing. 

The SLA models required less finishing than FDM would have needed, and were vacuum cast 
in an ABS-replicating resin with appropriate colouring pigment to minimise finishing 
requirements. This resulted in an appearance prototype that was robust enough to be used by a 
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number of people in a typical food preparation context (see Figure 9b). The resulting evaluation 
provided very effective feedback on the user acceptance and operation of the product. The main 
conclusions to be drawn from this project were: 

that the use of RP at different stages in the design process enabled more design iteration 
and resulted in a higher quality product, 
that the combination of RP with conventional modelling techniques provided a high 
quality appearance prototype that was suitable for extensive user trials in a realistic 
environment. 

Conclusions 

The availability of an in-house FDM machine served to raise the general profile of RP within 
the department. As a result, the student use of other RP techniques increased over previous 
years. Aligned to the increased availability of RP modelling was the development of increased 
CAD modelling capability. Students were able to capture their design intent in Pro/ENGINEER 
through a combination of solid modelling, surface modelling and freeform surface modelling 
(using ISDX). This was a pre-requisite for their RP work, and vital to the successful 
implementation of RP in both appearance models and functional prototypes. 

The questionnaire captured data from most of the students who had used RP for their design 
project. RP was primarily adopted to achieve more complex and more organic forms that would 
otherwise be difficult and time consuming. This was only beneficial because the traditional 
model making skills of industrial designers were used to produce high quality model finishes. 
Different RP systems were used for different outputs and it was highly desirable that a range of 
complimentary techniques were available. Some students had unrealistic expectations of what 
RP could achieve. It is therefore essential that students are well informed about various system 
capabilities. Most significantly, half of the students stated that RP had changed their strategy for 
creating physical models. 

These results were supported by the case studies, which showed that RP processes had been 
carefully selected to achieve different outcomes. They also showed that the rapid and copious 
design iterations facilitated by RP result in more optimised designs. The most important change 
in modelling strategy was the combination of aesthetics and funcfionality within a single 
prototype. This led to more realistic user trials, which in turn, should give more reliable 
feedback on the product design. 

References 

Evans, M.A. and Campbell, R.I. (2003), "A Comparative Evaluation of Industrial Design 
Models Produced Using Rapid Prototyping and Workshop-Based Fabrication Techniques", 
accepted for publication in Rapid Prototyping Journal. 

Campbell, R.I. (1998), "Using Feature-based Product Modelling to Integrate Design and 
Rapid Prototyping ", PhD thesis. Manufacturing Engineering and Operations Management, 
University of Nottingham, UK. 

136 



Appendix: Questions asked in the questionnaire 

1. Did you use one or more rapid prototyping (RP) models for your design project? 

(If yes, please go to question 5.) 

2. Did you consider using RP during your design project? 

(If no, please go to question 4.) 

3. Why did you decide not to use RP? Thank you for completing the questionnaire. 

4. Why did you not consider using RP?        Thank you for completing the questionnaire. 

5. Why did you decide to make use of RP models? 

6. How many RP models did you have made for your design project? 

7. Which RP system(s) were used and why did you select them? 

8. What design or prototyping purpose did you use your RP models for? 

9. Would you still have made these models if RP had not been available? 

10. If yes to question 9, how would you have made your models? 

11. Besides using RP, did you still make use of other model-making techniques (e.g. to make 
other parts or to finish your RP models)? 

12. If yes to question 11, which technique(s) did you use? 

13. What criteria did you use when evaluating the quality of your RP models? 

14. What proportion of the RP models you had built were of satisfactory quality for your 
purpose? 

15. What were the reasons for any of your models not being satisfactory? 

16. How has the availability of RP changed your approach to your design project? 

Thank you for completing the questionnaire. 
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Abstract 
This paper proposes a virtual prototyping system for digital fabrication of multi- 

material prototypes. It consists mainly of a topological hierarchy-sorting algorithm for 
processing slice contours, and a virtual simulation system for visualisation and optimisation 
of multi-material layered manufacturing (MMLM) processes. The topological hierarchy- 
sorting algorithm processes the hierarchy relationship of complex slice contours. It builds a 
parent-and-son list that defines the containment relationship of the slice contours, and 
subsequently arranges the contours in an appropriate sequence which facilitates optimisation 
of toolpath for MMLM by avoiding redundant movements. The virtual simulation system 
simulates MMLM processes and provides vivid visualisation of the resulting multi-material 
prototypes for quality analysis and optimisation of the processes. 

1. Introduction 
Layered Manufacturing (LM) is an additive manufacturing process that produces a 

physical prototype from a CAD model layer-by-layer. The CAD model can be generated 
from many sources, including CAD designs and conversion data from a 3D scanner. LM 
systems are widely adopted in manufacturing and medical applications to save cost and time. 
Manufacturers use LM technology to produce prototypes of products for design evaluation, 
and as master patterns for production tools. Surgeons use it to plan and explain complex 
surgical operations, especially craniofacial and maxillofacial surgeries. LM technology has 
also been explored for direct manufacture of biologically active implants. Currently, 
commercial LM machines can only produce single-material prototypes (Qiu et al., 2001; Zhu 
and Yu, 2002). However, there is an increasing demand for muhi-material prototypes. This is 
because high value-added products tend to involve advanced and complex design, while 
medical operations are becoming more complicated and delicate. Indeed, a muhi-material 
prototype that can clearly differentiate one part from another of a product, or tissues from 
blood vessels or bone structure of a human organ, will be particularly useful for designers or 
surgeons, respectively. Therefore, it would be very desirable and useful to develop multi- 
material layered manufacturing (MMLM) technology. 

In general, a multi-material object may compose of either several materials with 
varying composition or a collection of discrete materials (Kumar etc al., 1998; Qiu and 
Langrana, 2002). Effective representation of multi-material objects is a vital step in the 
development of MMLM technology. However, a critical problem is that current CAD models 
do not contain any material information. Consequently, most LM systems treat a model as 
homogeneous models during down-line process planning (Cheng and Langrana, 2001; Patil et 
al., 2002). 

Although MMLM technology has attracted much research interest and some 
pioneering work has started, practical and viable MMLM machines have yet to be developed. 
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A MMLM machine may include mainly two sub-systems, namely a hardware material- 
depositing mechanism and a computer control software system that is able to process multi- 
material slice contours to control the material-depositing mechanism, as shown in Fig. 1. 
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Fig. 1. A layer of a multi-material part being fabricated 

The development of MMLM technology is largely a software issue. The material- 
depositing mechanism may consist of an array of nozzles or tools, each of which deposits a 
type of material on specific areas of a layer. The tools may be bundled together or may be 
controlled to move independently. They may be adapted from those used in the existing 
single-material LM machines. However, a viable computer software system for MMLM 
processes has yet to be developed. The system should be able to generate multi-material slice 
contours, which are subsequently sorted and intra-connected to relate specific slice contours 
to a particular tool, such that the area is appropriately deposited with the desired material. 
Hence, the processing of complex multi-material slice contours and the planning of multi- 
toolpath are particularly important. They facilitate the system to control tools depositing 
selected material at the appropriate contours and simultaneously avoid redundant movements 
and possible collisions of the tools which move otherwise independently to increase 
efficiency. 

This is, however, a daunting task because slice contours are generally random in 
nature with no explicit topological hierarchy relationship. As a result, it is very difficult to 
identify one contour from another within a slice as required for generating toolpath for 
MMLM fabrication. Therefore, it can be seen that the difficulty of processing slice contours, 
and the required software system, largely hinders the development of MMLM technology. 

In this paper, a multi-material virtual prototyping system for digital fabrication of 
multi-material prototypes is proposed. The software system may be subsequently adapted and 
integrated with a material deposition mechanism to form a practical MMLM machine. It 
consists mainly of (1) a topological hierarchy-sorting algorithm for processing slice contours 
and arranging the contours in an appropriate sequence which will facilitate optimisation of 
toolpath for MMLM by avoiding redundant movements; and (2) a dexel-based virtual 
simulator for visualisation and optimisation of MMLM processes. 
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2. Review of the related works 
MMLM technology provides a powerful way to fabricate multi-material parts, such as 

micro electronic parts, bone replacement products, innovative cellular and cell-containing 
tissue scaffolds. Its benefits and needs have been widely recognised. Some researchers have 
recently started working on MMLM and they have made important contributions. Their work 
has been categorically focused on a few areas, such as CAD representation of heterogeneous 
objects for MMLM, optimisation of multi-toolpath for MMLM, development of experimental 
systems for simple objects, and virtual simulation of MMLM processes. 

2.1. CAD representation of heterogeneous objects for MMLM 
In order to fabricate multi-material prototypes with MMLM technology, both material 

and geometrical information of the objects must be made available. Although STL is now a 
de facto standard file format for LM industry, it only contains geometrical information. 
Therefore, some researchers have recently proposed CAD formats for heterogeneous objects 
to facilitate general CADCAM applications, including MRPII (Kumar et al., 1998 and 
Morvan and Fadel, 1999). Chiu and Tan (2000) proposed a modified STL file format in 
which a material structure is used to represent materials. Patil et al. (2002) proposed an R- 
function and a standard file format to model and represent heterogeneous solids using the 
concepts of ISO 10303. 

Such proposed formats, when fully developed and widely adopted, will be useful for 
MMLM. However, there are still some major problems to solve. Indeed, a significant 
proportion of complex objects, particularly human organs and bone structures are not 
designed using CAD systems. Instead, they are captured by laser digitisers, or Computed 
Tomography (CT) and Magnetic Resonance Imaging (MRI) scanners. The digitised images 
are normally processed to form a model in STL format or to extract the slice contours, which 
are random in nature without any explicit topological hierarchy relationship. Hence, 
processing such slice contours for mutli-toolpath generation remains a challenging obstacle 
that has yet to be surmounted for the development of MMLM. 

2.2. Optimisation of muIti-tooIpath for MMLM 
Toolpath generation plays an important role in automated fabrication of multi- 

material prototypes. The main purpose of toolpath planning is to find a solution that requires 
the shortest processing time possible. Park (2003) suggested a toolpath generation procedure 
for the Z-constant contour machining. It involved the generation of slice contours and the 
subsequent toolpath by linking the contours. In MMLM, the slice contours are random in 
nature without any explicit topological hierarchy relationship. There may be redundant 
movements and collisions when the nozzles move to extrude the specific material at the 
related contours in a slice. Zhu and Yu (2002) described that two holders would collide with 
each other if their distance was shorter than the diameter of the tool holders when they 
attempted to fill two very close contours. They proposed a dexel-based spatio-temporal 
modelling approach for detecting collisions. Such pioneering works are useful for 
optimisation of mutli-toolpath for MMLM, although they could only be used to process 
simple objects. 

2.3. Development of experimental multi-material LM machines for simple objects 
A few researchers have recently attempted to develop experimental MMLM machines 

for simple objects. Weiss et al. (1997) described building multi-material structures with pre- 
fabricated parts, such as advanced tooling and embedded electronic devices. Qiu and 
Langrana (2002) reported the development of a MMLM machine for fabrication of multi- 
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phase electromechanical components for naval and other military applications. These systems 
are among the pioneering work, despite that they could only handle very simple parts. 

2.4. Virtual simulation of MMLM process 
Cheng and Langrana (2001) and Qiu et al. (2001) described a virtual simulator used to 

simulate the fabrication of muhi-material prototypes. Using computer graphics technology, 
the simulator was able to detect and remove errors of MMLM process easily and quickly. 
Generating a virtual multi-material part by the simulator is much faster than the time to 
generate a physical part. Virtual reality technology has been used for medical applications 
(Zajtchuk and Satava, 1997). Although their systems have focused more on relatively simple 
objects, they have highlighted the uselessness of virtual simulation for MMLM. 

3. The Proposed multi-material virtual prototyping system 
The above pioneering work has made much contributions to the development of 

MMLM technology. However, there is a lack of integrated effort to tackle the core software 
problem of processing and planning multi-toolpath for fabrication of complex objects. 
Therefore, a multi-material virtual prototyping system is proposed to fabricate digital multi- 
material prototypes. The system consists mainly of a topological hierarchy-sorting algorithm 
for processing slice contours, and a virtual simulation system for visualisation and 
optimisation MMLM processes. The topological hierarchy-sorting algorithm constructs the 
hierarchy relationship of complex slice contours for subsequent fabrication of multi-material 
prototypes (Choi and Kwok, 2002). In particular, slice contours with established hierarchy 
relationship facilitate collision detection, as well as the optimisation of toolpath by avoiding 
redundant back-and-forth movements. The virtual simulation system uses a dexel-based 
approach for digital fabrication of physical prototypes (Choi and Chan, 2002; Choi and 
Samavedam, 2001). The workflow of the proposed system includes multi-colour STL model 
design, slicing multi-material objects, sorting complex slice contours, generation of multi- 
toolpath, and digital fabrication of multi-material prototypes. 

3.1. Representation of multi-material objects by multi-colour STL models 
For building multi-material prototypes, both geometry and material information 

should be provided. In the proposed system, multi-colour STL models are used to represent 
multi-material objects. Each colour represents a particular type of material. Thus, a multi- 
colour STL model contains both geometry and material information. A software for 
processing multi-colour STL models has been developed as an integral part of the proposed 
system and is used to assign colours into STL models. Some commercial available software 
such Magics RP (Materialise, 2003) and FlashTL (TNO, 2003) are also able to assign colours 
into STL models. A tolerant slicing algorithm (Choi and Kwok, 2002) is used to generate 
muhi-material slice contours that are outputted in a modified common layered interface (CLI) 
file format. Each colour that represents a particular type of material is assigned to each point 
of the related contours in a layer. 

3.2. Optimisation of multi-toolpath with the topological hierarchy-sorting algorithm 
In general, complex slice contours are random in nature without any explich 

topological hierarchy relationship. This may result in redundant movements, and possibly 
collisions, when the nozzles move independently to extrude specific materials at the related 
contours. The topological hierarchy-sorting algorithm simplifies the relational complexity of 
slice contours, especially with respect to multiple-inclusion contours, by constructing the 
hierarchy relationship between the contours and the internal cavities. It first builds a parent- 
and-son list that defines the containment relationship of the slice contours, and subsequently 
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arranges the contours in an appropriate sequence. With the hierarchy relationship, a complex 
slice with multiple-inclusion contours can be treated as a family of contours, which can be 
conveniently processed for toolpath planning. Referring to Fig. 2, the slice contours are 
grouped into ten families to be made of five discrete materials. The materials are represented 
by five different colours, namely green, yellow, purple, red and blue. Therefore, five nozzles 
should be used to extrude five discrete materials in the slice. The contour families with the 
same material are grouped together, and are subsequently processed to generate hatching 
vectors that define the toolpath. Hence, the contour families are grouped into five sets of 
contour families, namely [family!, family 2, family3, family 4], [familyS], [family 6, family 
10], [family 7, family9] and [family 8]. Based on the grouping of contour families, sequential 
toolpath without any redundant back-and-forth movements is easily generated. Therefore, the 
topological hierarchy-sorting algorithm helps optimise the toolpath planning and hence the 
efficiency of MMLM. 
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Fig. 2. Illustration of topological hierarchy relationship multi-material slice contours 

3.3 Digital fabrication of multi-material prototypes 
After processing the slice contours and generation of multi-toolpath, the proposed 

system simulates a MMLM process to fabricate digital multi-material prototypes. 
Subsequently, it provides vivid visualisation of the resultant prototypes for quality analysis 
and optimisation of the MMLM process. The designer can manipulate the prototype using the 
utilities provided to visualise the quality of the product prototype that a MMLM machine will 
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subsequently deliver. The designer can also navigate around the internal and opaque 
structures of the prototype to investigate the product design. Furthermore, the digital muhi- 
material prototype may be superimposed on its STL model to highlight dimensional 
deviations. The system also calculates the maximum and the average cusp heights that 
indicate the overall accuracy of the prototype. To study the dimensional errors, a tolerance 
limit may be set and any locations with deviations beyond the limit will be clearly 
highlighted. The designer may thus identify and focus on the parts that need modifications. 
To improve the accuracy and the surface quality of specific features of the prototype, the 
process parameters, such as orientation of the model, the layer thickness or the hatch space, 
may be changed accordingly. 

4. A case study - a ring 
Hong Kong is the leading exporter of imitation jewellery and the second largest 

exporter of precious jewellery in the world. It has also evolved into a trading and distribution 
centre for pearls in recent years. Jewellery products are getting more fashion-oriented. As a 
result, innovative designs are becoming more important. Some jewellery manufacturers 
realise that they should not only rely on individual skills. They have recently adopted LM 
technology to develop high value-added jewellery items. Hence, the proposed multi-material 
virtual prototyping system will be particularly useful for building digital multi-material 
prototypes to help improve designs and shorten development cycles of jewellery products at 
competitive costs. Designers can view and evaluate their designs with digital prototypes 
instead of physical ones, at minimal costs and time possible. Furthermore, digital prototypes 
may be conveniently transmitted over the Internet to facilitate global manufacturing. 

A ring in Fig. 3 was therefore chosen as an example to illustrate how the proposed 
system fabricates digital multi-material prototypes of jewellery products. The ring is made of 
thirteen kinds of materials and its shape is complex. To produce such multi-material 
prototypes, an array of nozzles may be used to extrude materials on relevant slice contours in 
a layer. The topological hierarchy-sorting algorithm constructs the hierarchy relationship of 
complex slice contours which facilitates the optimisation of multi-toolpath in MMLM by 
avoiding redundant movements. The case study illustrates how the system generates efficient 
sequential toolpath of each nozzle, and subsequently how it facilitates quality analysis and 
optimisation of MMLM processes. 
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Fig. 3. Monchrome and multi-colour STL models of the ring 
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Based on a monochrome STL model of the ring in Fig. 3a, a multi-colour STL model 
in Fig. 3b is created by assigning colours to represent appropriate materials of the ring. The 
multi-colour STL model is sliced to generate slice contours that contain both geometry and 
material information. A layer of the ring is shown in Fig. 4. In this layer, there are totally 52 
contours that are sorted into three hierarchy levels and are grouped into 34 contour families. 
Each family has its own material property. The layer consists of 11 discrete materials. The 
contour families with the same material property are grouped into a set. The 34 contour 
families are grouped into 11 sets because the layer is made of 11 kinds of materials. For each 
set of contour families, hatching vectors are generated and then arranged in an appropriate 
sequence. Each set of hatching vectors is used to control a specific nozzle or tool that 
extrudes a material on the related set of contour families. Fig. 5 shows a layer of the digital 
fabrication process of the ring prototype. Each nozzle moves sequentially and deposits a 
material on the related set of contour families in the layer by avoiding redundant movements. 
More details of the digital fabrication process of the ring is shovra in Fig. 6. 

C21c26 C27 

Wl      C44 

fe)/\   C25 

C4€W'\ 

I Each colour represents a material of the ring^ | 

I mifepresents material number. (i= 0,1,2 10)     | 

C45 
rC52 
^C50 

,, i'cm'^—^*''  Le'vell 
~ t ":' ^' C49 

[NHipresents no2zle number and matches with material number (i=0,l ,2 10) 
The topological hierarchy-sorting algorithm 

mo J-—I 
L^io      rcrcrcTclTeT2rirc2i«^3r|  ca 

P'''*---C41 
,^,,.•"•"043 

f'^'^H^'T        C35 C20-^L    €»   \      C37 
C23   C31 C29 

Level 2 

Level 3 

i   L 

iiiiil Hill ii llil li 
105 C7 C9 C13 C15 CH C21 C23 C21 C29 C33 C33 C39 C41 C45 C47 C50j 

Jc6]c8;f;^[n^f;i6]^i^f ^B4jf^2^^35|c34|[33^ 8Si3HSl 
mi ms m3 m4  ms I i ^nau m? ms  ms m7  m* nu  m4 na ma mi 

b25i 

Fig. 4. A layer of complex slice contours with hierarchy relationship 
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Top view A complete multi-material virtual 
prototype of the ring. 

Bottom view 

Fig. 6. Digital fabrication process of a multi-material prototype of the ring 
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The system also provides vivid visualisation of the resultant prototypes for quality 
analysis and optimisation of the MMLM process. Fig.7 shows the ring prototype being 
superimposed on its STL model. The surface texture and the dimensional deviation are 
clearly illustrated. In addition, the system calculates the cusp heights to evaluate the overall 
dimensional deviations. In this case, the average and the maximum cusp heights are 0.097mm 
and 0.176mm, respectively. Suppose that any deviations more than 0.175mm are considered 
not acceptable, the designer may choose to highlight the areas which are out of the design 
limit for subsequent investigation of these important features. Fig. 8 shows the same ring with 
some pins on them. The pins indicate the facets of the STL model with cusp heights more 
than 0.175mm. The colour of the pins may be red or green. The red ones points to the 
maximum deviations whereas the green ones pointed to the unacceptable deviations. If 
unsatisfactory deviations are located at important parts of the model, the designer may choose 
either to change the model orientation to shift the deviations or to reduce the layer thickness 
and the hatch space to improve the accuracy. 

excessive materials 

Fig.7. Superimposition of the ring prototype on its STL model 
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Red pins showing 
maximum deviation 

Green pins 
showing 
unacceptable 
deviation 

Fig. 8. Areas of the ring with dimensional deviations beyond design limits 
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5. Conclusion 
This paper proposes a multi-material virtual prototyping system that processes 

complex multi-material slice contours for planning and validation of toolpath for subsequent 
control of nozzles or tools to fabricate muhi-material prototypes. Indeed, multi-toolpath 
planning plays a significant role of in the development of practical MMLM machiries. The 
proposed system uses a topological hierarchy-sorting algorithm to process the hierarchy 
relationship of complex slice contours. It builds a parent-and-son list, and subsequently 
arranges the contours in an appropriate sequence. With the hierarchy relationship of the 
contours, sequential toolpath are generated and used to control the nozzles or tools to 
sequentially move and deposit the selected materials at the appropriate contours by avoiding 
redundant back-and-forth movements. Besides, the proposed system simulates a MMLM 
process to fabriacte digital multi-material prototypes. Subsequently, it provides vivid 
visualisation of the resultant prototypes for quality analysis and optimisation of the MMLM 
process as a way of minimal costs and time possible. The system can be subsequently adapted 
and integrated with a material deposition mechanism to form a practical MMLM machine. 
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Abstract 

New advancements in Solid Freeform Fabrication (SFF) processes promise tiie capability 
to produce Functionally Gradient Material (FGM) parts, in which the material compositions vary 
spatially. To realize this potential there is a need for CAD metiiods and design software' to 
model, design, represent and exchange material information and instructions to the 
manufacturing process. However, currentiy available commercial CAD systems are limited to 
representing and storing only geometric information, which is not adequate for material design 
purposes. This work presents an extension of a theoretical approach based on Volumetiic Multi- 
Texturing (VMT) and hypertextiiring schemes to make the material design process intiiitive and 
user conti-ollable. Inverse distance weighted interpolation is used in conjunction with procedural 
material functions to accomplish axial or linear material gradient directions from surface to 
surface across a solid. This offers the capability of specifying fixed material composition values 
to the feces in the soUd and blending tiiem across tiie interior of the solid. The extension of the 
proposed approach to tiie modeling of discrete material domains is also discussed. These material 
regions can be combined using special sets of operators depending on the form of the material 
functions. Finally, a design environment has been developed, which allows users to 
systematically apply material information to geometry and captures design intent. 

1 Introduction 

Solid Freeform Fabrication encompasses emerging rapid prototyping technologies used 
in making components with complex geometiies without human intervention or part-specific 
tooling. SFF processes involve the use of a computer-generated model to provide the geometiic 
information required in the fabrication process, hi general SFF is based upon layered 
manufacturing techniques, in which the parts are produced layer by layer in an additive fashion. 
SFF thus has access to the interiors of solids and provides the most suitable means of building 
parts with highly accurate local material composition conti-ol, which cannot be achieved by 
conventional fabrication processes. These capabilities enable the use of tiie technology in the 
manufacture of parts composed of functionally gradient materials. Functionally gradient material 
components have smootiily varying material composition. They possess large variations in the 
volume fractions of tiieir constituents and variations in microstiucture because of which they 
exhibit some useful properties such as reduced thermal and residual sti-esses at joints, improved 
thermal and mechanical properties and high specific sti-ength and oxidation properties [4]. 

The current state of solid and geometiic modeling is at an advanced stage of development 
however existing commercially available CAD modelers do not support material design 
information. Thus tiiere is a need for new modeling systems that can design and represent 
heterogeneous material parts. The problem addressed in this work is tiie implementation of a 
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design environment for multir material part modeling and representation. The methodologies 
used are largely based on implicit procedural and Volumetric Multi-Texturing (VMT) schemes 
[9]. Issues such as combining and blending the effects due to multiple material constituents at a 
point, extensibility of smoothly varying material gradients to modeling of discrete material 
interfaces and achieving multiple directionality of material variation within a part have been 
addressed. Appropriate data structures for geometry and material attributes have been 
constructed for material data storage and retrieval and user interface design issues have been 
discussed, with emphasis on user interaction and input methods to make the design process more 
intuitive and predictable for users. 

1.1 Previous Work 

Several researchers have been working to develop heterogeneous material modeling 
systems. Kumar and Dutta [7] proposed a set-based approach for spatial discretization of the 
solid interior by associating material density functions with material subsets called Vm sets. Pegna 
and Safi [12], Kumar and Wood [6] and Konig and Fadel [5] have used finite element based 
methods to model and optimize material density distributions given a particular design objective 
and constraints. Marsan and Dutta [8] and Jackson and PetrikalaMs [3] have applied volumetric 
mesh schemes to describe material data. 

Several mesh free methods have also been applied to FGM design, which do not rely on 
any form of spatial decomposition of the geometry. Hu and Jiang [2], Siu and Tan [15] and 
Wahlborg and Ganter [16] are some researchers who have adopted heterogeneous solid modeling 
techniques to material modeling. Wahlborg and Ganter [16] have introduced a heterogeneous 
implicit solid modeling scheme that makes use of the Boolean operators union, intersection and 
difference on heterogeneous objects to model both solid as well as material spaces defined as 
implicit primitives. Biswas and Shapiro [1] discuss the parameterization of the interior of a shape 
using functions of normalized distance fields from material features with known material 
properties. The material functions are continuous and constmcted using known design and 
manufacturing constraints and are interpolated using transfinite interpolation, with inverse 
distance weights to obtain overall material functions. 

Representations in the form of spatial discretizations are inefficient due to large data sizes 
and errors due to approximations. This adds to the cost of computation and to the difficulty in 
modifying material models. The schemes implemented in this work are based on a mesh free 
implicit procedural approach and are therefore devoid of the errors that arise from spatial 
decomposition. 

2 Implicit Procedural Approach 

The material modeling scheme used in the implementation of the design interface is 
largely based on implicit procedural and Volumetric Multi-Texturing techniques that were first 
introduced by Park et al [9]. 
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2.1 Hypertexture 

Hypertexture is a technique in computer graphics that makes use of 3D volume density 
functions to create effects such as explosions, furry objects and eroded surfaces or objects that 
have variations in density. The functions tiiat control the density distribution in the fuzzy region 
are called density modulation functions (DMF) and are chosen to be higher order procedural 
functions built upon bias and gain functions as described by Perlin [13]. The bias function can 
be used to control the magnitude of the density value and is defined over a unit interval by a 
power function as: 

bias^ (/): t In{0.5) 

(1) 
where biasJ^O.Q) = 0.0, bias^O.S) = b, and bias^ (l .O) = 1.0. The gain function is used to set the 

density gradient. It is also defined over a unit interval and is constmcted by splining two bias 
curves: 

gain^{t) = 
yibias^_ (2t), fort < 0.5 

1 - j/ bias^_g (2 - 2t) otherwise 

The fimction used in this work is simply a product of the bias and gain functions. It is a 
monotonically increasing function that lies in the interval [0,1]. 

dmf = bias i,{t)-gain g{t) 

2.2 Blending Functions 

These are smoothing fimctions used to approximate Boolean operations on density 
modulation functions. Ricci [14] introduced smoothing functions to approximate unions and 
intersections on surfaces describing 3D soHds. The functions chosen for intersection, /and union, 
U are respectively: 

■where p is a positive number and is the blending factor that controls the degree of smootimess 
and (/,,..., /„) are the n individual functions to be blended. Park [10] has used Ricci's fimctions 
with implicit surfaces to construct complex 3D solids for global material spaces. He derives a 
general form for a union operation from Ricci's intersect ftinction to perform a blending on 
density modulation functions, which can be generalized for n functions (/,,..., /„) as: 

(2) 

(3) 

(4) 

fblenAPint'^l ~ l+(-l)' 
n-\ 

f-r.- J n- /;i ' 
■\la 

1      f2- ..1 ri 

V 

1 1 . ..1 ri 
1 1 . ..1 1 1 

i+c-D-'fKr-i)! (5) 
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where a is a positive real number [11]. Increasing the value of the blending factor a, has the 
effect of sharpening the texture of the blend. 

2.3 Volumetric Multi-Texturing 

Volumetric Multi-Texturing (VMT) is a popular computer graphics technique to 
represent fiizzy features like clouds, smoke and flames and is extended by Park [11] to the 
modeling of material clouds. Using the VMT approach any point p^^^ interior to an object in 

geometric space G^ can be interrogated to retum the material density d'p zX. that point using a set 

of procedural functions F^ such that for each material i: 

tK{pJ=tdl = i 
1=1 /■=! 

The densities d^ physically represent volume fractions of each material and sum to one 

at each point for all n materials that compose the part. Therefore only n -1 functions, F^ 's are 

needed to fully constrain the model. Each function, F„ is a procedure consisting of several 

contributing functions,/^ that are attached to surfaces (faces or group of faces) in the part 

geometry. These contributing functions are combined together using the blending function 
described in equation (5) and are functions of the distances of the sample point from the part 
surfaces and reference geometry such that the closer the sample point is to an entity the greater is 
the influence of the contributing function associated with that entity in determining the density at 
that point. 

Park [11] infroduces two classes of gradient functions, namely, global and local (surface) 
gradients. Global gradients are one-dimensional scalar functions (either density modulation 
functions or user-defined functions) defined over material spaces called blobs that are mapped 
onto 3D geometry. The shape of the global material space determines the overall pattem of the 
material distribution, hi this work a B-rep representation of the material space geometry has been 
added to the existing implicit surface description by Park [10]. If the material function is a 
function of an independent parameter /, in tiie case of B-reps, t varies linearly with distance from 
the boundary surfaces whereas in the case of an implicit surface, t evaluates to the implicit 
fimction value and is therefore proportional to the distance from the surface. Material gradient 
functions similar to those used with global gradients when assigned to the surfaces of the part 
geometry serve as surface gradients. The global gradient fimction, when multiplied with the 
surface gradient, is trimmed to force the net gradient to conform to the boundary surface of the 
part geometry. 

3 Multi-Directional Material Variation 

The existing material modeling method focuses on improving surface coatings on 
components that are exposed to severe thermal and mechanical stress environments. The current 
approach therefore places importance on material variation from the surfaces of components into 
the interior and does not support general material distributions in the interior. Further, user- 
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prescribed boimdaiy material compositions on surface features are not satisfied. Modeling a 
linear material gradient pattem that starts with one material fraction on one face and blends into 
another material fraction on another can be achieved by using multiple surface gradient functions 
for each face, one material ftmction for each material. Consider an object witii different material 
functions assigned to each face in a pair of adjacent faces. A simple blend of the two functions in 
the overiapping region where each face has an influence on the material properties at points on 
the adjacent face, would not yield the exact material compositions specified on the faces. For this 
reason the fiinctions for each material for each face need to be tiimmed to the boundary values 
on the neighboring face using a different approach, as described below. 

3.1 Inverse Distance Weighting Function 

Consider n faces or surface featiires and let the material composition of a material k be 
C,. on the faceF,, such thatO < C, < 1. The net material composition of material A: at a given 

point j3 due to the influence of all n faces is: 

V '=1 J 
where Wj is a weight fimction controlling the influence of the blended material function, 

fblend k (p) wi* *^ f^^ ^ • ^^ weight fimction has the following properties: 

• In order for /^ {p) = C. for points on the face F^, 

""'^P^    \0,\fpeFj,j = l,..,n,j^i 
• Wi{p) must form a partition of unity to restiict the sum of tiie terms on the right hand 

side of equation 3.12 to one. 

f^wXp)=\,0<wXp)<l (9) 
1=1 

• The weight fimctions should be as smooth as the blended function, fi,,^„a^k • 

The weight function is chosen based on distances u, of points;? from the reference 
surfaces for the material functions (surface gradient functions) such that it is inversely 
proportional to some power of u. Normali2dng tiie weight fimction by the sum of all weights 
yields a function that varies between 0 and 1: 

-.     W 

where w, is the distance of;? from the face F^ and tiie exponent k controls tiie smoothness of the 
weight fimction. These fimctions are called the inverse distance weighting functions or Shepard's 
method of data interpolation, as discussed by Biswas and Shapiro [1]. 
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The limitation of this approach is that it does not ensure that the sum of the material 
m 

densities at a point;? for all materials ^ /^. [p] equals 1, where m is flie total number of materials. 
y=i 

m 

One way to treat this inadequacy is to consider the remaining quantity   1 - X // v^) 
7=1 

to 

constitute porosity in the part or to constitute the volume fraction of the (m +1)'* material. 
Another way is to normalize the volume fraction due to an individual material k to obtain: 

Hfjip) 
J=l 

such that 

ZAAP) 1 
k=\ 

As a result of this addition, it is now possible to model multiple material gradient 
patterns, namely linear as well as concentric or radial material gradations so as to achieve any 
direction of material variation. Figure 1 shows concentric contours of material gradation between 
two materials for a cross-section of a bottle mold. It is modeled by assigning a single density 
fimction for the primary material to each of the four faces forming the boundary, which blends 
into the secondary material in the interior. In Figure 2, three faces have been assigned 100% 
composition of one material each. Using the proposed method, it is now possible to clamp each 
material composition to be exactly 100% on its respective face and achieve a gradual blend of 
the three into each other. Here the depth of material influence for each face is set to be greater or 
equal to the length of a side of the square cross-section. 

Figure 1: Concentric Pattem Figure 2: Linear gradation pattem 
with 3 materials 

4 Modeling Discrete Material Domains 

The current approach does not account for discrete heterogeneity of materials and hence 
offers only a restricted case of material modeling. Modeling discrete material regions can be 
considered as a special case of FGM modeling. The same approach can be applied to discrete 
material modeling by using constant ftmctions or step fimctions with the reference geometry. The 
global material spaces can be used to define discrete material domains confined within the B-rep 
by assigning constant material fractions to individual blobs. Since assigning a value of 1 to the 

(11) 

(12) 
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bias and gain functions makes the density modulation function in equation 3 a step function at 
the midpoint of the [0,1] interval, material compositions could be made to change discretely at 
these points (see Figure 3). The blobs can then be combined using regularized Boolean 
operations for B-rep geometry and min and max functions [16] or equivalent Ricci's functions 
for implicit solids. Modifications to Boolean operations or equivalent rules must be formulated to 
combine the corresponding material regions. 

Figure 3: DMF curve for bias = 1.0, gain D 1.0 

In this work generalized Boolean operations are applied to scalar material functions/and 
g as in hypertexturing [13]: 

Intersection: f{x)-g{x) 
lJmm:f{x) + g{x)-f{x)-g{x) (13) 

Complement: l.O-f{x) 
Difference: f{x) -f{x)- g{x) 

mmiir:2.mS»..!S^4imeMAnSim.iaiMS 

Figure 4: Discrete material regions modeled 
using global gradient 

Figure 5: Difference of spheres 

Using the above operators on material functions, material regions of arbitrary complexity 
can be constmcted from primitive shapes. Consider the drill insert shown in Figure 4. The two 
spheres illustrate the use of blobs as global density gradients to define discrete material regions. 
Figure 5 is obtained after performing a difference of the upper sphere from the bottom one. The 
net gradient takes the shape expected if a Boolean subtraction were performed on the spheres. 
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The smooth gradient near the boundary is the result of using smooth functions for the surface 
gradient. 

5 Implementation and Results 

The material modeler has been developed and implemented using the 3D ACIS® Modeler 
and the HOOPS 3D Application Framework. ACIS is a geometric modeling kernel written in 
C++ that supports modeling of wireframe, surface and solid geometry in a unified data structurc. 
It defines geometric shapes as B-reps and saves model information in the "SAT" format, a 
format that is slowly becoming a de facto standard for the exchange of CAD data. ACIS has been 
used to build the data structures for the geometry and material information and to perform the 
required modeling operations. A skeletal apphcation based on HOOPS 3D, a graphics toolkit, 
has been used to design the user interface for the application. 

5.1 Attribute Architecture for Material Information 

ACIS supports user-defined attributes that can be attached to geometric and topological 
entities and can be saved along with them in an SAT file. In this research, user defined attribute 
classes constructed in ACIS have been used to store the material data associated with the part for 
use by procedures that generate material distributions. Figure 6 shows the data structure used for 
modeling the overall density gradient in a part. The blocks in blue represent the user defined 
attribute classes and the arrows, their associations with each other. 

The blob attribute (ATTRIB_BLB) consists of either an ACIS BODY (B-rep) or a user 
defined implicit ftinction describing an implicit solid primitive since the global density gradient 
can be modeled in either one of these two ways. This attribute also consists of the bias and gain 
parameters for the density modulation function or a user defined material function associated 
with the blob surface. Finally it specifies the depth of influence of the blob surface over the 
material composition at an interior point. 

The blend athibute (ATTRIB_BND) located one level higher in the hierarchy stores 
information on how to combine the blob functions using union, intersect or difference operators 
as described in section 4. It also contains a blending factor, a, which is used to blend the blob 
functions in the case of a union operation using equation 5. The blend attribute is assigned to the 
part to be modeled. The blob attributes are stacked together in a doubly linked list such that at all 
times the blob at the top of the stack is pointed to by the owning entity, which is the blend 
atbibute in this case. The remaining blobs can be accessed using the "nexf' pointer of the 
previous one in the Ust. The blend atbibute in tum is owned by the ACIS BODY and can be 
accessed by it. 

The surface gradient data is stored in two separate attribute classes, map and join. The 
map athibute (ATTRIBMAP) contains an array of material compositions assigned to a face on 
the part and arrays of dmf parameters of bias and gain for each material function attached to the 
face. The owning entity in this case is an ACIS FACE (see Figure 7). There is also a provision 
for user defined material functions for each material and an array for the depths of influence of 
the face for the contributing material functions for each material. 
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ACIS&REP 
(BODY) 

(Owner fbr BLEND) 

BLEND 
(ATrRIB_BND) 

(Owner fcH-BLOBs) 

NULL 
BL0B1 

(ATmiB_BLB) 
BLOB 2       ■* BLOBN NULL 

Figure 6: Data Structure for Global Density Gradient 

One of the features of the material modeler implementation is the automatic selection of 
faces to be used to blend associated material functions in the part. The approach used here is that 
of blending faces that are adjacent to an edge or vertex, using a blending factor unique to that 
edge or vertex. For this purpose a join attribute class (ATTRIBJON) containing the value for 
the blending factor is created and attached to an EDGE or VERTEX owning entity (see Figure 

7). 

EDGE 
(Owner) 

VERTEX 
(Owner) 

JOIN 
(ATTRIB_JON) 

Figure 7: Data Structures for Surface Density Gradients 

The user interface (GUI) for the material modeling application has been built using the 
HOOPS 3D Application Framework (H00PS/3dAF). It supports the implementation of the 
material modeling features that have been described above. B-rep models in the ACIS SAT 
format can be imported in the viewer. The interface has the provision for creating solid 
primitives and performing Boolean operations on them to serve as complex geometry for the 
blobs, hnplicit functions for the definition of blob geometries and material density functions for 
both global and surface gradients can then be assigned to the part geometry. Finally geometry 
and material attributes can be saved and retrieved to and from SAT files. The computed material 
distribution is displayed as an image. 
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5.2 Results 

The following example is the FGM design of a pulley shown in Figure 8. Here the design 
intent is to make the part more wear resistant in areas subject to maximum wear. For example the 
pulley can be built from stainless steel while having a greater concentration of a wear resistant 
material like carbide in areas near the hub and the rim [3]. 

The part is modeled using a surface gradient approach. The material information for only 
one material (primary material) is entered (carbide in this case) and the secondary material 
density (stainless steel) is the complement of the first. The faces that compose the surfaces of the 
rim and hub of the pulley respectively, are selected and assigned a material fimction (see Figure 
8 (a) and 8 (b)). Since these surfaces are composed of the same material (carbide) they are all 
assigned a 100% material fraction for the same material. Figure 8 (c) displays the resulting 
material gradient distribution on a cross-section of the pulley passing throu^ its center laterally. 

Figure 8: FGM Design of a pulley 

This example illustrates the ease with which the model of the pulley can be designed for 
FGM variation. The design is shown to be completed in four steps using the material modeling 
interface. It can also be seen that the material variation conforms to the original design intent of 
having greater concentration of carbide at the hub and the rim, indicated by the region colored in 
magenta and a gradually increasing concentration of stainless steel with increasing distance away 
from the hub and the rim on the spokes. 

6 Conclusions and Future Work 

New developments in SFF processes promise the capability of fabricating functionally 
gradient material parts. To realize this potential new CAD methods and design software must be 
developed to enable designers to model, design, and transmit FGM objects and instructions to the 
manufacturing process. FGM's are expected to show clear advantages over homogeneous 
materials in terms of mechanical and thermal properties. The goals of the work presented were to 
take existing research [9] based on imphcit procedural methods and extend it in order to build a 
tool to design volumetric material information accurately and intuitively. The advantages of the 
procedural approach are accurate description of three-dimensional material data and compactness 
in data storage by having to store only the instructions for the procedures and their arguments. 
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Volume discretization methods are discarded, leading to increased accuracy, concise 
representation and resolution independence. 

Inverse distance weighted functions have been used in conjunction vdth the procedural 
material functions to accomplish axial or linear material gradient directions and offers the user 
the capability of specifying fixed material composition values to the faces in the solid and 
blending them across the interior of tiie solid. The definition of global density gradients can be 
expanded by representing them as both implicit surfaces as well as boundary representations (B- 
reps). This permits tiie user to draw or import more complex geometry to define global material 
spaces. However the use of B-reps to define global gradients significantly increases the amount 
of data that must be stored compared to a single compact implicit fiinction expression that could 
define an entire implicit solid. It has been proposed that one-dimensional density functions can 
be step functions or constant material fractions in order to represent homogeneous material 
regions. These material regions can be combined using special sets of operators depending on the 
form of the material fimctions. Finally, a usable material modeling interface has been designed 
by which designers can systematically apply material information to B-rep geometry and observe 
the resulting material distributions in cross-sections of the solid. The user interface captures 
design intent and is an intuitive tool for designers to use. 

6.1 Future Work 

Apart from material volume fractions in a component, the macro-structures are equally 
significant in determining the physical properties of the part Therefore designing and optimizing 
the structure variation of materials, e.g. composites, is a valid area of fiirther research. This 
therefore presents the possibility of designing and optimizing smooth spatial (3D) variations in a 
structure between two materials by grading reinforcement orientations. Another prospective area 
for exploration is the formulation of a design methodology for FGM objects that must be placed 
in the context of an overall design process. Creating such a design methodology would involve 
investigating how a designer interacts with the model. For FGM modeling, the specification of 
graded material information is closely related to the geometric design. Ideally, a design system 
would allow the user to interactively modify the geometry and the composition in any order. 
Methods for achieving this goal depend on the underlying representation as well as the chosen 
design methods. 

Though geometric data can be exchanged to a limited extent between data formats there 
is still a need for a new standard data exchange format that is universally supported by most 
CAD systems to efficiently and accurately translate non-geometric data and attributes from one 
format to another. In addition to this there would also be the need for new data translators to 
translate data back and forth between native formats and the new standard format. The next step 
in multi-material manufacturing is to use the material model and convert it into machine 
instructions by developing an SFF process-specific process-planning algorithm. The research can 
only be validated when results in the form of physical products can be produced. Therefore the 
development of the necessary hardware and the compatible software for tool-path generation is a 
vital research area that needs to be investigated in the future. 
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Abstract 
Direct slicing of CAD models to generate process planning instructions for solid freeform 
fabrication may overcome inherent disadvantages of using STL format in terms of the process 
accuracy, ease of file management, and incorporation of multiple materials. This paper will 
present the results of our development of a direct slicing algorithm for layered freeform 
fabrication. The direct slicing algorithm was based on a neutral, international standard (ISO 
10303) STEP-formatted NURBS geometric representation and is intended to be independent of 
any commercial CAD software. The following aspects of the development effort will be 
presented: 1) Determination of optimal build direction based upon STEP-based NURBS models; 
2) Adaptive subdivision of NURBS data for geometric refinement; and 3) Ray-casting slice 
generation into sets of raster patterns. Feasibility studies applying the direct slicing algorithm to 
example models and the generation of fabrication planning instructions involving multi-material 
structures will also be presented. 

Keywords: Direct slicing, STEP, NURBS, free form shapes, adaptive subdivision. 

1.   Introduction 

Layered Manufacturing (LM) or Solid Freeform Fabrication (SFF), a new class of 
manufacturing techniques introduced during the mid 1980s have grown rapidly over the past 
decade because of its proven ability to reduce product development cycle time. In the current 
industrial Rapid Prototyping (RP) practice, the 3D CAD data are first converted to an 
intermediate STereoLithography (STL) format, a tessellation procedure where the model is 
approximated by triangles, sliced and then fabricated by the machine. But with the rapid growth 
of the RP industry, particularly RP towards rapid manufacturing, rapid tooling and biomedical 
applications, there has been a growing dissatisfaction with this format among the RP community 
due to the limitations inherent within the format. The geometric description used to represent 
solid CAD objects significantly affects the accuracy and quality of the final parts produced with 
this technology especially in the case of freeform shapes. The limitation of the current STL 
format generated through a tessellation procedure of the CAD model can be summarized as 
follows [1]: 
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Tessellation involves approximation of surfaces with triangular facets which is undesirable in 
general, particularly when we are dealing with models that contain freeform shapes. 
As model precision demands become more stringent, the number of facets required to 
adequately approximate these freeform shapes will increase. This would account for huge 
STL file sizes, and thus increasing the chances of errors. 
Many CAD systems fail to generate valid model tessellations and often involve manual 
fixation of errors raising the need to improve tessellation procedures. However, this calls for 
implementing robust and efficient procedures which may be difficult and would be 
computationally expensive to implement. 
STL format fails to include other design content within the model such as topology, internal 
material variations, multi-material regions. 

Manufacturers of free form surface models are in need of something other than the 
currently available STL format. Direct Slicing of CAD models without the intermediate STL 
format seem to be a promising approach in this direction. Direct slicing of the solid model keeps 
the geometric and topological robustness from the original data. Its advantages include greater 
model accuracy, pre-processing time reduction, elimination of checking and repairing routines, 
and file size reduction [2]. Since the direct mathematical formulation of the surface is used, the 
full data of the original solid modeler is therefore available and the loss that occurs during 
tessellation is avoided. Both direct slicing and adaptive direct slicing improve the accuracy and 
surface quality of the final RP parts. The approach also eliminates the verification and repairing 
processes, decreases human intervention, increases the robustness of data transfer, slicing and 
other preprocessing parameters. With this approach of direct input from computer aided design 
models, CAD and RP vendors would be able to sell their software/machines as a fully integrated 
CAD/CAM RP system. 

Accuracy was not an issue that was addressed upon in the early days of RP simply 
because the parts could only be used for prototyping and design verification purposes. A wealth 
of research is available in published literature [3-5] regarding STL slicing and the different 
methods through which it can be achieved. However, improving the accuracy of an RP part has 
become the focus of the RP community under the increasing need for prototyping fimctional 
parts with engineering properties and dimensional tolerances comparable to conventionally 
produced parts. One among the first to try out direct slicing was Rajagopalan et al [6], where 
they have directly sliced the Non-Uniform Rational B-spline Surfaces (NURBS) in an I-DEAS 
based CAD system. The process relied on I-DEAS to perform the slicing which made it package- 
specific. With regards to improving surface finish, variable thickness slicing methods (adaptive 
slicing) for handling peaks, fiat areas and staircase effect have also been proposed by Dolenc and 
Makela [7]. Jamieson and Hacker [2] developed a direct slicing algorithm based on the 
Unigraphics slice modules which directly sliced the model using first constant layer thickness. 
Consecutive contours were compared and if the difference was small, they were accepted. If not, 
a middle slice is created and the process of comparison performed again. The procedure is 
repeated until the difference between any two consecutive slice contours is either small or the 
minimum layer thickness has been reached. It has been recognized that in order to improve the 
surface quality of a part built by an LM technique, it is necessary to minimize the staircase effect 
which is inherent in all LM techniques. In a more recent study, Weiyin et al [8] developed an 
adaptive direct slicing algorithm that operates directly on NURBS based models to generate skin 
contours and then uses a selective hatching strategy to reduce the build time of the model. 
Almost all of the papers published above in some way depend on external modeling packages to 
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perform the slicing which in turn limits the capability on the level of control and variety that can 
be achieved. A STEP-based transfer of model data to a process planning system has been made 
use of by Oilman et al [9] using commercially available software. A Boundary Representation 
(B-rep) solid model of a part is translated into STEP format for transfer of design data to the 
process planning software. LM data is generated using faceted boundary representation and then 
transferred to the RP machine for prototyping. It has been recommended that the development of 
STEP specifically for the purpose of LM process planning due to its flexibility in terms of 
representing 3D CAD data as well as 2D contour slices thereby simplifying the standardization 
procedure with one common platform [1]. 

The objective of this paper is to present a method on a direct slicing approach that is 
independent of any CAD modeling package and will make use of STEP as the starting input file 
of the model to be prototyped. We have currently focused on NURBS based freeform shapes to 
demonstrate the capability of the algorithm and the proposed methodology with regards to raster 
line pattern layout. The following section will briefly detail our proposed methodology and some 
of the key steps in the process of direct slicing. This is followed by a review of the NURBS 
equations that need to be numerically solved to obtain the slice ray patterns during the slicing 
operation. The key steps of optimal orientation, adaptive refinement, root finding and evaluation 
of points are detailed. Section 5 gives several case studies example models that have been sliced 
to showcase the proposed method. The paper concludes with a summary and future research 
initiatives. 

2.   Direct Slicing of NURBS using Ray Casting 

Non-Uniform Rational B-Spline (NURBS) are the industry standard tools for the 
representation and computer aided-design of freeform models [10] in the field of automotive 
design, ship design etc. Central to the problem of slicing NURBS surfaces is the determination of 
intersection points between the slicing plane and the model. This is also a problem that is 
researched upon by the computer graphics community with regards to Ray-tracing of NURBS 
surfaces [11-14]. Ray tracing of free form surfaces determines the visible parts by constructing 
rays from the viewpoint through the pixels of the image plane into the scene. The rays are 
intersected with the surfaces of the scene and the first surface hit determines the color of the 
pixel. If the ray misses all objects, the corresponding pixel is shaded with the background color. 
Ray tracing handles shadows, multiple specular reflections, and texture mapping in a very easy 
straight-forward manner. This is important to the designer since it would help him assess the 
surface quality and texture and hence help in a better design process. The basic approaches in 
most ray-tracing algorithms with regard to determination of the intersection points remain the 
same and only vary with regards to efficiency in terms of memory usage and the speed taken to 
ray trace a particular scene. Most ray tracing algorithms have performed while tessellating 
freeform shapes to gain speed and reduce complexity. However direct intersection using the 
exact mathematical equations has also been performed [14]. In our proposed methodology, we 
have used the same basic approach using the exact mathematical equations to deal with finding 
the intersection points which will be detailed in the following secfions. We have however 
extended it to the slicing domain for use in the LM manufacturing scenario. The difference lies 
in the fact that in LM, intersection points both in the form of entry and exit points need to be 
determined along with the vector layout pattern of the rays within the model. Rather than a 
tracing operation, a ray casting method is performed in order to perform the slicing procedure. 
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Within STEP files, solid and surface models may be represented as rational or non- 
uniform rational B-spline surfaces. Unlike STL files where the facet information of the triangle 
is used to obtain the slice contour, direct slicing works on using the exact mathematic 
representation of the freeform shapes in computing the slice contours or tool patterns. A rational 
B-spline surface (10) is expressed parametrically in the form, 

n+l m+1 

S(n,v) = ^^  (1) 

(=1 ] 

where parameters u and v range from zero to one, n and m the degree of the surface in u and v 
direction. The Py terms are 3D net control points of the control polygon and Wy terms their 
corresponding weights, bjk and bji are B-spline basis functions of order k and 1 respectively. The 
B-spIine basis functions are defined by the Cox-deBoor recursion formulas as given by: 

bji (s) =    J 1   if kuj < u < kuj+i b/i (s) =    J 1   if kv/ < v < kv/+i 
I 0  otherwise 

and 

fl   ifkv/<v<] 
I 0  otherwise 

(M - kUj )6(;x*-i) (")    (^w,>i.i - ")^7>i)(t-i) (") 
O (.(U) = V  

b,,^ (v) = 5-!!^— + '—^—  (2) 

where the values of kuj and kv/ are defined by the knot vector associated with the NURBS 
surface in the u and v direction respectively. The STEP file contains all information that is 
required to define the NURBS uniquely and a STEP reader may be employed to extract the 
relevant information. For further discussion on B-splines and their properties, the author refers 
them to [12]. 

The core aspect of our approach is outlined in Figure 1. The NURBS surface is 
geometrically refined using an adaptive subdivision procedure to break them down into smaller 
domains of parametric values. Bounding boxes are then used to cover up the entire surface based 
on these smaller domains. The rays shoot out intersecting the model at several boxes. For a box 
that is hit, a root finding procedure is initiated to converge at the intersection point. The 
procedure is repeated for all rays that are cast onto the slice plane and for every slice plane that 
intersects the NURBS model. 
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Figure 1: Step by Step procedure on calculation of NURBS intersection points 

3. Ray Casting of NURBS surfaces 

In the ray casting approach, the bounding box of the model is first determined allowing the 
start position of the ray to be defined from any predefined corner of the box which then shoots out 
across intersecting the model. A ray is defined as having an origin 'o' and a unit direcfion vector 'd' 
and can be defined as: _       _ 

r(s) = o + s * d (3) 
Using the method followed by Kajiya [11], the ray r(s) can be rewritten as an intersection between 2 
planes given by {p| Pi.(p,l) = 0} and {p| P2.(p,l) = 0} where Pi=(Ni,di) and P2=(N2,d2). The normal 
to the first plane is defined as 

if |dx| > Idyl and |dx| > |dz 

otherwise (4) 

N2 will always be perpendicular to the ray direction and the plane Ni, hence 

N^ = W^xd (5) 

Since both planes contain the origin ' o ', it can be deduced that Pl.(o,l) = P2.(o,l) = 0. Thus, 

d, = -A^.o 

d2=-A^.o (6) 

An intersecfion point that needs to be calculated should satisfy the following two conditions, 

P.(S(u,v),l) = 0 

:^.(S(u,v),l) = 0 (7) 

The above equation needs to be solved using numerical means and we have employed the Bisection 
Iteration routine to determine the values of u and v that will satisfy (7). However before the root 
finding operation begins, a number of pre-processing steps are performed. In the steps that follow, 
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• 
we explain the details regarding optimal orientation, refinement using adaptive subdivision, 
generation of the bounding volumes, root finding, evaluation and identification of output points. 

Step 1: Orientation 

The model orientation within the 
fabrication bed affects the build time, part strength 
and surface finish. Thus before the part is sliced, a 
minimization of certain objective criteria specified 
by the designer will be done to find the optimal 
orientation for slicing the model. A number of 
orientation schemes have been devised. Some base 
their orientation with the largest convex hull of the 
object as the base [15], while some others orient 
the part based on certain critical features of the 
model [16]. We have used a scheme in which the 
model is incrementally oriented about user 
specified axes to obtain the least possible build 
height dimension. Given a set of n NURBS 
surfaces S(u,v) that is enclosed in a bounding box 
of height H (a function of orientation angle "_")» 
the objective function can be mathematically 
expressed as: 

MinZ = H(J    subject to 0<_< 360 (8) 

where Z is the build height of the model and _ is 
the orientation of the model with respect to the 
object coordinate axes. The optimally oriented 
NURBS faces then act as the input to the second 
phase. The algorithm steps are as shown in 
Figure2. 

Step 2: Refinement 

Input NURBS surfaces 

Translate mod*^ to WCS* 

i<^xis p jMtiiiilzation 

^ixfs opttiTilzation 

Re*trans(ate back to Its 
original position 

Input New optinfized oriented 
faces into slice algorithm 

.=> 

Figure 2: Optimization Algorithm 

Refinement or subdivision of the NURBS 
surface is the addition of more control points to a 
surface without changing its process. This process 
is implemented using the Oslo Algorithm [17]. 
The basic idea would be to take in the original set 
of knot vectors that make up the surface and add 
new knot values into them creating more number 
of control points corresponding to the new knot 
vectors. If the addition of the new knot values at 
the same parametric value where the number 
added is equal to the order of the curve, then the 
two new surfaces created will have the same shape 
as the original unrefined surface. They would each 

CortrolPtjints Refined 
withthe same surface 

patch kvingmoie 
mirier of control foinb 

Figure 3: Refined Process of NURBS using the Oslo 
Algorithm 
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have a set of control points at the region where 
they join. The procedure is illustrated in Fig 3. 
This is done for the following two reasons. 
Numerical methods work better and faster when 
the parametric domain is smaller and no multiple 
value roots exists within the patch. Secondly, by 
refining the mesh, the various sub-patches which 
are essentially NURBS by themselves can be 
enclosed using bounding volumes thereby enabling 
the slice algorithm to determine which sub-patch 
contains the actual root. This stems from the fact 
that it is easier to determine the collision of rays 
with primitive bounding volumes than NURBS 
surfaces. Hence by identifying the sub-patch in 
which the solution exists, the domain in which the 
numeric solver has to work is limited and hence 
results in better chances of finding the roots. 

The adaptive subdivision of the NURBS 
surface continues as long as a subdivision or 
flatness criteria is met. Regions that have more 
curvature are subdivided more than regions that 
are more or less flat and hence the name adaptive 
subdivision. Each new sub-patch contains all 
information that defines the NURBS and an 
appropriate ID is given to it. The refinement 
procedure is extensively used in the tessellation of 
parametric surfaces and has been studied 
extensively by a number of researchers. However, 
our main criteria in refinement of the mesh 
opposed to the tessellation procedure is not to 
ensure accuracy in representation but more in 
guaranteeing that the convergence occurs within 
the refined sub-patch. In this regard, selection of 
the subdivision factor is an important step, and an 
appropriate value controls to a great extent the 
success of accurate slicing. 

Step 3: Boundary Volume Data structure 
Generation 

As the refinement procedure of NURBS 
progresses, the boundary volume data structure 
gets filled up; sub-patches are stored in the data 
structure along with a unique id. The main idea 

Start 

Enter IJie Model information from STEP file 

I 
Optimization of Model:. 

Objective Fn: Reduce Build Time 

I 
Adaptive Refinement of Model 

I 
Generation of Boundary Volume Data 

I 
[^""Input Slice layer tfiickness 

E 
Initialize direction of ray and starting point of ray 

I 
Oi>tain the Bounding Box dimensions of tlie Model 

I 
Initialize Ray to start point 

Calculate Intersection Points 
{a) Bisection Routine 

ib) Categorization of Points 
(errtry and exit) 

I 
Write to Output file 

Increment Ray position on plane 

I 
Increment slice_heigltt 

ST" 
Exit 

Figure 4: General Slicing Algoritlini 
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behind the storage of these sub-patches is the generation of the boundary volume. Boundary 
volumes are usually primitives that enclose the sub-patch completely. Some of the candidate 
primitives that can be used are oriented boxes, spheres and parallelepipeds. The selection of a 
primitive depends on the tightness of fit and speed of intersection calculation with the ray. We 
have used in our approach axis aligned boxes that are oriented with the main coordinate axis of 
the model. Once they are axis aligned, the process of creating the boundary volumes is easier, 
and a ray-box intersection will involve less computation and hence speed up the process. 

The bounding box is created using the control net points created from the refinement 
stage of the process. An important aspect to note is that the control mesh of a NURBS patch will 
always enclose the surface and therefore any convex shape surrounding the control net would 
also enclose the surface. Figure 1 gives an illustration in 2D on how the boxes get generated. 
Failure to enclose the sub-patch surface completely results in ray hits being missed and hence 
gaps in the sliced model. 

Step 4: Numerical Solution - Bisection Iteration Routine 

There are a variety of numerical methods that are available to solve for the intersection 
points. Among them include bisection algorithm, linear interpolation, Newton Iteration, and 
fixed point iteration [18]. Although the latter two methods are fast, in some cases they do result 
in solution divergence rather than convergence. Our problem reduces to finding the value (u*, 
V*) that corresponds to the intersection point of the ray and the NURBS surface. Though ray- 
tracing methods in model rendering employ Newton's iteration since it proves to be a faster 
process, we have used the bisection iteration routine mainly due to its simplicity and robustness. 
Time is not a critical factor in slicing as opposed to obtaining the roots of the equation. 

The surface sub-patch contained within the boxes that were hit by the ray are retrieved 
from the boundary volume data structure and passed onto the solver method. The routine works 
with iterating towards the solution of one variable. However, we need to solve for 2 variables (u, 
v) that satisfy the equation. This is achieved by keeping one variable constant and iterating 
towards the best value of the second variable that satisfies the equation. If the error in the points 
generated does not satisfy a tolerance, _, the first variable is incremented by a pre-defined 
amount and the procedure repeated. The process continues until either a solution is found or the 
limit of the first variable is achieved. 

We use two criteria to decide when to terminate the Bisection iteration routine. The first 
condition is our success criteria: if we are closer to the desired point by some determined 
tolerance, _, given by: 

|F(u,v)|<_ (9) 

we then report a successful hit. The value of _ determines two aspects, first, the accuracy of our 
results and second, success in reporting a hit. A tight value might result in the routine reporting a 
miss and on the other hand a bigger tolerance will result in intersection point offset errors. The 
second condition is the failure criterion, meaning that if this condition is met, the routine exits 
reporting a miss. If during the routine, the error calculated is approximately same as the error in 
the previous iteration, the iteration exits reporting a miss provided the success criteria has not 
been met. This is mathematically written as 

169 



Fn(u,v)=  Fn.l(u,v)    SUbjCCt tO Fn(u,v) > (10) 

where n is the n* step of iteration 

Step 5: Categorization of Intersection Points (Entry or Exit) 

Once the intersection points are found out for every ray that is cast onto the slice planes, 
these points need to be classified as an entry or an exit point. We have done this by calculating 
the normal of the surface at the point under consideration. The normal vector can be calculated 
by the cross product of the tangent vectors in the u and v direction evaluated at the point given 
respectively by equations (11) and (12) as 

(11) 

(12) 

(13) 

au 

ov 

The normal vector at this point is then given by   7/ = Tu x Tv 

If it is assumed that the ray shoots across in the y direction, then a point is classified to be 
as: an entry point If Ny < 0; an exit point if Ny > 0; and an edge point if Ny=0. The points once 
classified are stored in a predefined format to be displayed on screen and for conversion to 
machine instructions. 

4. Implementation and Case Study examples 

The algorithms were implemented in C++ and tested for a variety of model shapes that 
included simple NURBS surfaces as well as complex curved ones. Figure 4 gives the generalized 
algorithm for ray-casting of NURBS surfaces that includes all of the steps outlined above. Three 
of the test example cases are as shown below in Figures 6 to 8. 

CAD File-STEP 

Slice thickness 
Parameters ~ 

•»«.-».fe/^-.. 

FABRICATION PLANNING SOFTWARE \ 

Slicing Mudtils nRcfi View tools 

piiw,v^iu',4» J'v. 1 I    MachheJpblnrtrucUons' :j 
LPattenwa^RasterPilnl I incs.j——>. I   .        In Binaiyform     ,     .1 

t 
Solid Free Form fabrication fVlachine 

Figure 5: Process Flow during Fabrication 

All the models were sliced at a constant layer thickness and ray offsets on the slice plane. Figure 
5 details the data process planning steps right from the CAD file input stage to that of the final 
fabrication stage. For heterogeneous models, intersections of a ray to each geometric body are 
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calculated in sequence. Thus the material associated with the geometric body being sliced can be 
captured and stored in the slicing data structure. 

Model 1: This model is relatively small with about 16 NURBS surface definitions and was 
extracted from the STEP input CAD file using a STEP reader. A subdivision factor of 0.01 and a 
tolerance value of 0.01 were used for adaptive refinement and root finding respectively. Figure 
6(a) 

Figure 6(a): Case Study Example Model 1 with 16 NURBS surfaces. 
Figure 6(b): Slice Raster Lines at a slice layer. 
Figure 6(c): Entry and Exit Points displayed  

Figure 7(a): Case Study Example Model 2 with 102 NURBS surfaces. 
Figure 7(b): Slice Raster Lines at a slice layer. 
Figure 7(c): Entry and Exit Points displayed.  

(a) (b) 
Figure 8(a): Model 3 Layout- 135 NURBS surfaces. 
Figure 8(b): Sliced View layout 
Figure 8(c): Sliced entry and exit points displayed 
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shows the model optimally oriented with the least height in the z-direction. Figure 6(b) shows a 
slice layout on the fabrication bed at the slice position defined by the slice plane as shown in 
Figure 6(a). 

Model 2: The second model contained 102 NURBS surface definitions, extracted through the 
same method using the reader and the data transferred to the algorithm. In this case a subdivision 
factor of 0.1 was sufficient for appropriate slicing with no perceivable slice errors during part 
layout. The same tolerance value of 0.01 was used for the root finding routine. Figure 7(a) shows 
the model optimally oriented and Figure 7(b) illustrating the sliced model part layout. 

Model 3: The third model is more complex not only in terms of having more number of NURBS 
surface but also in terms of its overall shape. This model depicts the capability of the algorithm 
to handle multiple exit, entry points as well as accurate slicing at edges of the model. A 
subdivision factor of 0.1 and a tolerance value of 0.01 was used for the process. Figure 8(a) 
illustrates the model and Figure 8(b) the corresponding slice layout on the fabrication bed. It can 
be seen that the model was sliced appropriately with key features detected at the slice plane 
shown. 

5. Conclusion 

Direct Slicing of CAD model promises to offset the disadvantages posed by the STL 
format. It does not involve any file repair routines and file sizes are much smaller to handle. It 
also facilitates the possibility of slicing multi-material volumes or heterogeneous models, a 
definite advantage over STL files. Since the exact representation is used, complete design 
information is carried over to the fabrication stage with no loss in information. Although direct 
slicing does take longer to slice, this problem can be offset by efficient algorithms in terms of 
reducing memory usage and faster computing power. A point to note is also a carefiil selection of 
the subdivision factor and the tolerance value. We have found that under continued trials, an 
intuition is developed on the selection of the right parameters which works best for the models. 
Future research would involve the development of an adapfive direct slicing method on 
heterogeneous models and an appropriate slice layer format in terms of STEP that would be able 
to transfer slice information across different RP platforms. Effort would also be put into 
quantifying the exact accuracy obtained by direct slicing rather than using the STL format. 
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Abstract 

This paper describes an 'Integrated Decision Support System for the Selection of RP 
Processes (IDSSSRP)'. The basic methodology proposed in the IDSSSRP is a Sigma approach 
towards benchmarking of the Rapid Prototyping (RP) processes. It characterizes a RP process by 
using benchmarking and the sigma approach to assess its capability compared to its potential. 
Although the six-sigma approach has basically been a management concept and the success of its 
implementation has been on process time reduction and quality improvement, this paper adopts 
the use of six-sigma tools and benchmarking in the characterization of RP processes. Apart from 
geometrical benchmarks, other benchmarks include mechanical benchmarks and process 
benchmarks. Benchmarking individual RP processes facilitates standardization and reduces 
variability in the prototypes produced by the processes. Following standardizations of 
geometrical, mechanical and process benchmarks, a saturated database can then become very 
useful in providing decision support to the end user on a particular process as well as a source of 
information for benchmarking new RP machines. A case study of the benchmarking process 
developed on the Direct Metal Laser Sintering-Selective Laser Sintering (DMLS-SLS) RP 
process is presented using the proposed approach. This paper also outlines the working and 
implementation of a web-based decision support system based on the IDSSSRP. 

Key Words: Benchmarking, Six-sigma, Decision support. Process optimization, Process 
characterization. Saturated database 

Introduction 

Rapid Prototyping is currently a popular technique in the manufacturing industry. It is 
based on a material additive process for the fabrication of prototypes and is different from the 
conventional manufacturing techniques, which are material removal processes. The proposed 
IDSSSRP offers advice on various RP processes/ systems based on the benchmarking exercise. 
Although an old concept, benchmarking is recently gaining much attention in manufacturing 
when a particular process or a system based on that process needs to be evaluated. A benchmark 
also becomes crucial in its ability to recognize a particular process or a system to meet up with a 
certain set of requirements that are established to be the indusfry set standards. In the RP industry 
however, a generic benchmark that establishes standards in terms of evolving prototypes with the 
desired dimensional accuracy, form, fit and surface accuracy is yet to be established. The main 
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purpose of the paper is to highlight the overall procedure involved in evolving generic RP 
benchmarks (i.e. geometrical, mechanical benchmark parts and process benchmarks), and using 
the benchmarked results for decision support. A generalised integrated decision support system 
for the selection of RP processes is proposed for evaluating RP processes and the systems based 
on those processes. The basic methodology proposed is a sigma approach towards benchmarking 
of the RP processes. It is important to mention here that the proposed idea is yet to be fully 
realised, however case studies done on the DMLS-SLS process/machine are a proof for the 
validity of the proposed approach. 

Methodology 

The proposed methodology in the IDSSSRP is a six-sigma approach in benchmarking the 
RP processes. The combination of the benchmarking in setting standards and six-sigma to 
minimize the redundancies in a given process has been proven successful and feasible by a study 
on the DMLS process. 

Individual process benchmarks 

I 
Sigma tools for the 

benchmarking process 

I 
Fabrication of the benchmark part on various RP 

processes 

Mechanical 
benchmark 

part 

I 
Standardized 

benchmark parts 
 4k  

Geometrical 
benchmark 

part 

Information 
sourcing/coUection/ 

review 

Fig 1. Flow chart for an integrated benchmarking process plan 

Figure 1 gives an overall view of the integrated benchmarking process plan. It first starts 
with the information sourcing of various RP processes, system capabilities, etc fi-om the RP 
industry. A good understanding of current standards, if available could initially help to visualize 
the importance of a particular process. Although several benchmarks (benchmark parts) are 
available in the RP industry, the aim here is to highlight the importance of standardized 
benchmarks. We suggest that there just should not be just a geometrical benchmark part or a 
mechanical benchmark part but also standardized benchmarks for the various processes and the 
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measurement techniques as well. It implies that after standardized geometrical and mechanical 
benchmark parts are finalised, they will have to be built on various RP systems to establish 
related RP process benchmarks. A standardised measurement procedure should also be practised 
so as to reduce the inconsistency and variability when determining the results of fabrication on 
an RP system or process. 

The proposed approach can provide standardized benchmark parts for evaluating the 
geometrical and dimensional accuracy and mechanical properties of prototypes produced via 
standardized benchmarked processes and verified fi-om benchmarked measurement techniques. 
As mentioned earlier, the standardized benchmarked process could be established by fabricating 
the benchmark part on the RP systems to identity the process that could lead to the benchmark 
part being fabricated with the best accuracy and surface finish. 

The benchmark part is subjected to recalibration when there are changes and 
improvements in the technology associated with the specific process. The benchmarking exercise 
is therefore a continuous process and is important to update the developments in the technology. 

RP Benchmarking Exercise 

A generalised benchmarking approach consists of ten steps in five phases according to 
Camp R.C [1]. The basic five phases are adopted with modification to meet the requirements in 
benchmarking for rapid prototyping. 

Planning 
The first step is to identify what is to be benchmarked and which RP practices are to be 

studied and its source of comparison, if any. For comparisons some sort of a performance 
measurement of the various RP processes and systems has to be identified to ultimately decide 
on employing a particular RP process, machine or material in the realization of the final 
prototype. To aid this performance evaluation in general, standardized benchmarks are 
considered important, and for purposes of rigorous investigation of a particular RP process/ 
system, there can be an individual standardized geometiical, mechanical and process 
benchmarks. Details on the benchmarks can be referred from Wong [2]. 

Identifying comparative processes: A source for comparison has always been an 
important aspect in the benchmarking exercise of a particular industry, technique or method. In 
the RP industiy the idea is to compare across the various RP processes/systems in the order of 
their performance exhibited in building benchmark parts. Comparisons have to be done on the 
various RP techniques available in the industry, to mention a few like the SLA, SLS, FDM and 
the LOM with respect to a process that could lead to a prototype with the best geometrical 
accuracy and mechanical properties. To ensure consistency for comparison purposes benchmark 
parts have to be fabricated on each RP process including systems based on the process. 

RP data collection and validation: A carefiil investigation had to be made to collect and 
analyse the different processes/systems with current procedures in the fabrication of a prototype. 
The information can be obtained from RP companies or alternatively fi-om various RP bureau 
services, including the very important hands-on experience of RP operators. The best process 
that could lead to a better prototype (benchmark part) can ultimately be reiterated to establish it 
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as a standardized procedure for particular processes in delivering a good prototype. The idea is to 
rate and rank the processes in some order of performance. Standardised individual benchmark 
parts for the geometric accuracy and mechanical strength could further assist in measuring the 
efficiency and performance of a particular RP process. After the data has been collected some 
sort of validation has to be made to ensure the consistency of the data for comparison and 
verification purposes 

Analysis 
Determining current performance gap: Take for example two prototypes of the 

benchmark part are fabricated from two different machines, but similar configuration, one 
prototype can turn out to be better than the other. In such case, the performance of both systems 
and more importantly the processes based on those systems, have to be analysed carefully to 
determine the performance gap and obviously adopt the best practice that could realize a better 
prototype. The basic aim is to identify the gap between the new approach and that of the other 
practices. 

Integration 
A database can be created to document the findings from the benchmarking exercise and 

integrated to a web-enabled decision support system that can offer the end user support and 
suggestions based on the benchmarked procedures. This could also serve the purpose of 
communicating the findings to gain acceptance, thereby establishing the level of future 
performance to the organizations using RP technology. 

Action 
This is one of the most important phases to establish the credibility of the proposed 

approach where an experimental verification is important to identify the best process in realising 
a prototype. By carefiil implementation of specific actions and monitoring progress vital data 
could be obtained on best practices that could be later established as standards. Development, 
implementation and monitoring of action plans could be suggested to maturity with the success 
expected in the proposed approach of IDSSSRP. 

Maturity 
This is the final stage when the expected result through benchmarking will be 

communicated for practice by the RP users. In other words this is the final phase in which the 
best practices are fully integrated into processes. 

RP Benchmarking and performance measurement 

Benchmarking is not a measurement by itself but also a process of establishing the gaps 
in performance and as such ensuring that an action plan is put in place to close identified gaps 
[3]. In Fig 2, the ladder model emphasises on the generalised actions that are to be taken in 
process benchmarking to close the gaps in performance. It starts with the actual planning, which 
is an important step to understand the currents standards if any or setting an initial standard for 
comparison purposes. A rigorous information sourcing is crucial at this point. After the standards 
are being set, the performance of the various RP processes or systems based on those processes 
for example can be compared across so that corrective actions can be taken accordingly based on 
comparisons with the standards. If the performance is better than the existing standards set, the 
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standards should be replaced accordingly. The benchmarking is always a never-ending 
improvement. As mentioned earlier initial benchmarks need to be set as a standoff for more 
generic comparisons in the case of the RP industry. 

Continuous Improvement 

The corrective actions are taken if 
necessary 

Actual performance compared to 
objectives and standards 

Planning 

Fig 2. Action Ladder model in Benchmarking 

A Sigma Approach to RP Benchmarking 

Six-sigma is basically a process quality goal that comes out of statistical probability 
measurement and process capability techniques. There are numerous six-sigma tools, both 
experimental and statistical, to analyse a process [4]. We propose the use of six-sigma tools in 
the benchmarking exercise to identify standardised processes in delivering prototypes. Since 
experiments form the core of the RP benchmarking process, it is important to validate the 
approach proposed and also to measure and verify the results acquired from systems based on a 
particular processes. In our approach the geometrical benchmark part designed will have to be 
fabricated on different RP systems and a best process is to be identified. That could lead to the 
benchmark part being fabricated with the best geometrical accuracy and surface finish. In 
parallel, however, a mechanical benchmark part can also be fabricated as well, to identify the 
best process that could lead to the benchmark part to have the best set of mechanical properties. 
Note that there can be several factors that need to be optimised and controlled in order to get to a 
so-called best prototype, so it is best to use the six-sigma process analysis to optimise the critical 
factors. The RP benchmarking could be a time consuming and tedious task but once the 
benchmark is established then the subsequent work can get simpler. A case study on our DMLS- 
SLS process is highlightened to demonstrate the feasibility of the proposed approach. This study 
serves to demonstrate the feasibility of the proposed approach on optimising new processes and 
systems based on the benchmarking exercise. 
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Case Study on the DMLS-SLS Process 

The case study was done on a specially developed DMLS-SLS machine to demonstrate 
the proposed approach. The DMLS system is mainly a metal sintering machine and has not been 
successful in building prototypes with a specific plastic powder. This was evident when an 
attempt was made to build the geometrical benchmark part on the DMLS system. The process 
was far away from with the limits of a sigma process. The solution to this problem was to 
initially study the process thoroughly and then identify the key factors that directly influence the 
quality of the resultant prototype. Apart from identifying the factors, it was also important to 
identify procedures for a smooth process as a whole. Screening experiments helped us to resolve 
some of the problems associated with the use of the plastic powder sintering, such as choice of 
base plates, necessity of powder pre-heating, reshuffling the operation sequence of the powder 
feeder cylinder, part bed cylinder and scraper movements in order to reduce excess friction 
causing the parts to fail. 

Considering the whole process, our objectives (target) could be summarised as follows: 
• To reduce the number of failed parts (good benchmarks parts to be fabricated) 
• To identify a smooth process of fabrication. 
• To optimise the process for the best or optimised results. 

Table 1: Breakdown of the Confrol factors 

List of factors Important factors Experimental 
Control factors 

Levels 

Temperature Laser power Laser power 20 25 30 
Scaling Scanning speed Scanning speed 1200 1400 1600 
Offset Scrapper Speed Layer thickness 0.2 0.1 0.15 
Material Layer thickness Part bed temperature 35 40 45 
Slicing 
Scanning speed 
Laser power 

Part bed temperature 
Scanning pattern Taguchi's L 9(3'*) Orthogonal Array 
Hatch size i 

Inert gas 
Layer thickness 
Part bed temperature 
Scrapper speed 
Scanning pattern 
Hatch size 
Part placement parameters 
Build package settings 

Factor levels 
1 

Values 
Default 
Default 

+ Default 

Exp. 
No 

Control Factors 

Temperature Laser 
power 

Layer 
thickness 

Scanning speed 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 

179 



In the designed experiments two quality characteristics such as geometrical accuracy in 
terms of (% deviation) in mm from the nominal dimensions and surface finish (Ra, least value 
desirable) in \im were used as response factors during the experiments. If the critical factors (and 
their interactions if applicable) are identified, then these factors can be tuned accordingly to 
make the noise factors insensitive. Apart from identifying an optimized set of parameters, the 
aim was also to identify a tuned process (benchmarked process) that would help the RP users to 
follow a standardized procedure accordingly based on their part to be prototyped. 

The screening and selection of factors were done using six-sigma tools. The purpose of using 
six-sigma tools was to deduce and reduce flaws in the process. Table 1 lists the various factors 
and the reduction to a crucial few that can be used to control the DMLS-SLS process as a whole. 
The identification of the critical factors allows the DOE to get an optimised scaling of factors 
that will give the best output with least or negligible influence of noise. In our case study the 
initial choice of factors was done using tools like Ishikawa "fish bone" diagram and quality 
function deployment (QFD). Ishikawa "fish bone" diagram was usefiil to initially identify some 
of the many potential causes of the variability in the DMLS-SLS process. A QFD was later 
performed based on the general understanding of the probable factors that could be responsible 
directly or indirectly in shaping the final prototype in the DMLS-SLS process. A DOE was 
performed based on the orthogonal array and experiments were done by fabricating the 
benchmark part, to identify the best setting of control factors with desirable response in terms of 
geometrical accuracy and surface finish. On implementing the proposed approach on the DMLS- 
SLS process for plastic powder, the part failures were considerably reduced and the performance 
was within the limits from the target. 

Results and Discussions 

On the completion of the experiments measurements were made on the fabricated 
benchmark parts using a co-ordinate measuring machine (CMM). CMM part programming was 
used to ensure accuracy, consistency and an efficient comparison. Minitab was used in the 
statistical analysis of the raw data from the measurements. In our experiments since we were 
interested on the influence of the control factors on the responses, namely geometrical accuracy 
and surface finish, it was important to analyze the levels of those factors from the experiments. 

The graph in Fig 3 shows the main effects for surface roughness. The main effects plot is 
most useful when several factors are involved. By comparing the changes in the means level, we 
can identify those factors that influence the response the most. A main effect is present when 
different levels of a factor affect the response differently. Also for a factor with different levels, 
we can find which level increases the mean compared to the other levels. This difference is a 
main effect. 

Since our objective is to reduce the surface roughness, or in other words to have a good 
surface finish, it can be interpreted from the graph on main plots that the optimised setting 
(reducing Ra) for prototyping parts from this particular plastic material will include a layer 
thickness of 0.15mm or higher, medium laser power of about 25-30W, medium scan speed of 
about 1400 mm/s and a low to medium temperature setting. 
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Fig 4. Interaction plots for laser power and temperature 

The interaction plots for Laser power and temperature in term of data means of surface 
roughness are as shown in the Fig 4. 

The following figures show the pictures of the benchmark parts before (Fig 5) and after 
(Fig 6) the application of the proposed approach on the DMLS-SLS process. 

Fig 5. Failed benchmark parts 
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Fig 6. Benchmark part built with a clear profile showing some of the pass/fail features 

The failure of the parts was mainly due to improper setting of the control factors, which was later 
overcome from the identification of their proper setting fi-om the designed experiments. Based on 
the measured data, optimizations were incorporated in the software in terms of scaling factors 
and laser beam compensations to arrive at the desired dimensional accuracy. It is evident from 
Fig 6, the optimized DMLS-SLS process to fabricate benchmark parts with a good surface finish, 
also improves the clarity and dimensional accuracy of the features being built. 

Implementation of IDSSSRP 

At the end of the day the findings have to communicated to the users so that iterations 
can be done to finalize the benchmarks and offer support to the end users. The following Fig 7 
presents a framework of the main modules in the implementation of the IDSSSRP. 

RP knowledge database: 

The RP knowledge database is the central repository that contains general information of 
the RP industry. It contains information about the different RP processes, systems based on those 
processes and also the various materials that are used in the various process/systems for the 
realization of the prototypes. In addition it also includes information on service bureau for 
various prototyping tasks. 

RP benchmarking /standardizations: 

This is the core part of the proposed approach which comprises of a search for the 
industry standards and evolving generic benchmarks for standardized evaluation of the various 
RP processes/systems. Additional information on benchmarking for performance evaluation of 
RP systems could be referred to in [2]. 

Experimentation: 

A series of experiments have to be done by fabricating the standardized benchmark parts 
to identify the best process in realizing the prototype. To accomplish this, action plans have to be 
developed. Six-sigma tools can aid in the development of action plans. By the implementation of 
specific actions and monitoring progress, vital data could be obtained on a best process that 
could be established as a standard. 
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statistical analysis: 

The results in terms of quantitative measurements that are obtained by the fabrication of 
the standardized benchmark parts should be statistically examined and recorded. As in the case 
of the geometrical benchmark part, the quality characterization will be in terms of the 
dimensional accuracy and surface finish. Apart from parametric optimizations of particular RP 
processes to evolve optimized process benchmarks, a dictated statistical analysis procedure will 
additionally aid comparisons across capabilities of various RP techniques. 

Saturated database: 

This is the collection of vital and assorted information that is obtained by the act of the 
benchmarking exercise. This module can be an independent one or can alternatively form a core 
part of the Central Knowledge database. The saturated database is basically to offer decision 
support with information that is obtained by benchmarking and standardizations. 

Intelligent analysis: 

The purpose of benchmarking and standardizations are to offer more consistent and 
rigorous operating conditions in the RP industry. As an essential part of the benchmarking 
exercise is to offer decision support, the saturated database and the central knowledge database 
work to complement each other in offering intelligent decision in terms of choosing a particular 
RP process and associated materials depending upon the necessity and the requirements of the 
end user. 

Process tuning/ benchmarked process: 

This concerns the iterative process of the benchmarking exercise for standardizing 
particular processes. A simple DOE and additional case studies can be useful in the parametric 
optimizations and process tuning of particular processes to evolve with benchmarked procedures. 
Vital information obtained for particular processes will be updated in a saturated database as 
process benchmarks. 

Part of the proposed approach begins with the design of benchmark parts that will be 
used in testing the capabilities of processes/systems and simultaneously identifying the process 
benchmarks. Details on the proposed benchmark part, and details of its fabrication on the various 
RP processes like the SLA, SLS, FDM and LOM can be referred fi-om Wong [2]. Some of the 
problems encountered during the fabrication of the benchmark part are also discussed. 

Conclusion 

A generalized approach for an integrated benchmarking process plan is highlighted so 
that efficient standardizations can be done for the entire RP processing. The proposed approach 
could be time consuming but yield more meaningful results. Once the standardizations are set 
right, a web accessible intelligent decision support system would be able to suggest to a RP user 
about the information on a system based on a particular process and provide him with relevant 
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information of the most suitable system and process that could help him realize his prototype in 
the best possible outcome. The benchmarked processes and the measured data that can be 
obtained by fabricating the standardized benchmark part, and later stored in a saturated database 
[5] could provide even more useful solutions for the user's needs, in terms of geometric 
accuracy, surface finish, size, geometrical features, etc. 
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ABSTRACT 
Many state-of-the-art Rapid Prototyping (RP) technologies adopt lasers to fabricate 3-D solid 
parts by material deposition in layers. The ability of these RP technologies to control the process 
requires a thorough understanding of the process mechanics. This paper presents the analysis of 
an analytical, dynamic model explaining the complex phenomenon of Laser Aided 
Manufacturing Process (LAMP). The equilibrium of the dynamic model is analyzed and 
dynamic simulations are performed to determine its stability characteristics. This model forms 
the basis for the real-time control of the LAMP. 

INTRODUCTION 
Rapid prototyping (RP) is a valuable tool for the fabrication of 3D models. RP decreases the 
product development cycle by enabling the part to be built in hours instead of v^eeks directly 
from the CAD model by eliminating the intermediate step of die preparation. There are a variety 
of RP processes currently available. RP processes can be divided into those that are formative, 
subtractive, or additive. Additive-based RP is gaining importance due to its capability to build 
functional-gradient parts. Laser based RP is one such technology experiencing striding growth in 
the manufacturing industry since its introduction in the early 1980s. There are around 25 
different laser based RP technologies practiced under different names such as stereolithography. 
Fused Deposition Modeling (FDM), Direct Metal Deposition (DMD), Laser Engineered Net 
Shaping (LENS), etc. [Steen, 1998]. All of these methods concentrate on building 3D functional 
parts with minimum cost and in the least amount of time with required tolerance and surface 
finish. 

Laser Aided Manufacturing Process (LAMP) is a technology that is being developed at the 
University of Missouri-RoUa to fabricate high-resolution 3D parts of arbitrary shapes directly 
from CAD models with the ability for the user to define material composition throughout the 
building process. LAMP is based on the simple technique of adding layers until a 3D metal 
prototype is obtained by selective cladding point-by-point and layer-by-layer [Boddu et al, 
2001]. The dimensional accuracy of the part is maintained from the initial stages by allowing the 
deposition and milling operations to be performed in shifts throughout the part building process, 
but the scientific challenge lies in the ability of the LAMP system to precisely fabricate the part 
by minimizing the post deposition operation. This depends on the capability of the system to 
control the LAMP process in real-time. Previous efforts have been made by many authors in 
designing a control system to regulate the laser metal deposition process. But these efforts have 
been limited to regulating few of the process parameters due to the complexities and limitations 
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involved in understanding the dynamics of the process. Modeling has alv^ays been a complex 
task due to the complex mechanical flow, thermal transfer and material transformation 
mechanisms involved in the description of the process [Doumanidis and Kwak, 2001]. 
Therefore, some authors have restricted themselves to empirical modeling to relate the clad 
characteristics to the process parameters. 

Weerasinghe et al. (1983) performed the initial efforts to empirically model the laser cladding 
process. They concentrated on producing uniform clad layers by overlapping single clad tracks. 
This work explored the effect of laser power, beam diameter and mode structure, traverse speed, 
powder flowrate and powder shape and size on cladding rate, clad thickness and width, surface 
finish, powder utilization, substrate dilution, segregation, porosity, residual stress, cracking, 
microstructure, and adhesion. The empirical relations based on the experimental results showed 
the variation of clad width and clad height to the variation in cladding speed, coverage rate, and 
overlap factor. 

Blake et al. (1985) explained the effect of irregular powder flowrates on dilution of laser 
cladding processes. For constant laser power and traverse speed, the amount of powder flowing 
into the melt pool determines the energy available at the substrate and hence the amount of 
dilution. Therefore, the less powder fed into the melt zone, the greater the dilution. However, 
more powder fed into the melt zone results in a significant reduction of specific energy into the 
substrate, creating a possible lack of fiision. They used a dynamic powder feeder with an in- 
process feedback control system to determine the affect of powder feeder variables (flowrate, 
flow orientation, etc.), laser associated variables (power, beam configuration, etc.), and traverse 
speed of the positioning system on surface finish, dilution, cracking, porosity, homogeneity, 
adhesion, and distortion. 

Hu et al. (2001) discussed the instabilities and irreparability problem suffered by SFF methods 
for metal part building due to the presence of a large number of parameters governing the 
process. The authors used infrared imaging of the melt pool as an imaging technique for 
controlling the 3D laser melt pool. Relationships have been established based on the variations of 
the characteristics of images with variations in the process parameters. A PID controller was 
designed with feedback from infrared image sensing to control the area of the thermal field. The 
area of the thermal field represents the laser energy absorbed by the part per unit length in the 
processing zone. Hence, the control of the area of the thermal field, by regulating laser power 
and traverse speed, brings an even heat input rate in 3D laser cladding. The authors also 
demonstrated that, by controlling the heat input during the laser deposition process, the 
geometrical accuracy, uniformity of deposits, and microstructure can be improved. 

Koomsap et al. (2001) developed a simulation-based design of a laser-based free-forming 
process controller. The difficulty in designing a process for the models is the nonlinear effect of 
individual process parameters in the temperature field (Koomsap et al, 2001). The authors 
developed a metamodel, which is an estimation of the physical model that relates the surface 
temperature to laser power, table velocity, and powder flowrate. The surface temperature was 
represented as a function of laser power, table velocity, and powder flowrate. Based on the 
simulations obtained for different settings of the laser power, table velocity, and powder 
flowrate, a steady state metamodel was developed using the polynomial regression models from 
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the steady state results. This was used to form a dynamic metamodel based on the criteria that the 
surface temperature during the transient periods was non oscillatory, implying the process was 
either a critically damped or overdamped process. 

A novel method of rapid layered manufacturing for building fully-dense metal parts by 
preplaced powder technique was investigated by Yevko et al. (2001). They considered pulsed- 
laser mode, continuous laser mode, power level, laser beam, and scanning speed as parameters 
that influenced the clad properties: namely, height and width. A process model was developed 
and simulated to determine qualitative relationships between process parameters and clad 
properties by calculating the global temperature field within the powder and baseplate. The 
nonlinear heat transfer problem was solved by a numerical finite-difference method. 

A two-dimensional finite element model for laser cladding by powder injection was developed 
by Hoadley et al. (1992) to study the effect of laser power and processing velocity on the 
thickness of the deposited clad. This model determines the steady state temperature field, the 
shape of the melt pool and the position of the melt surface relative to the laser beam. An 
emperical model for laser cladding was developed by Toyserkani et al. (2002) for realtime 
process control. A Hammerstein-Wiener nonlinear model and a Elman recurrent neural network 
were implemented to identify the dynamic laser cladding model. The Hammesteine-Wiener 
approach proved more usefiil in accurately describing the transient response of the process. Laser 
intensity, table velocity, and powder feedrate were the inputs, and clad height and melt pool 
temperature were the process output parameters. 

Selective Laser Sintering (SLS) is one of the leading commercial RP technologies that build 
solid objects by selectively fusing powder at each successive layer according to a numerically- 
defined cross-sectional geometry. Williams et al. (1998) modeled the effects of selected 
parameters on the SLS process by determining the amount of energy delivered at the substrate 
surface. A three-dimensional heat diffusion problem was formed to describe the thermal energy 
transferred in the SLS process. 

PROCESS MODELING 
A more general dynamic process model for the laser metal deposition process was presented in 
Doumanidis and Kwak (2001). This model has the capability to form the basis for a process 
controller. This paper will perform an analysis of this model. First, the model is briefly 
presented. Performing a mass balance of the melt pool 

pV{t) = -pA(t)v{t) + fi„m{t) (1) 

where p is the material density {kglm') and is assumed to be constant. Vis the bead volume {m ), 
A is the cross sectional area in the direction of deposition {m\ v is the table velocity in the 
direction of deposition (mis), ^m is the powder catchment efficiency, and m is the powder flow 
rate i^gls). Assuming an elliptical bead, the volume and cross sectional area in the direction of 
deposition, respectively, are given by 

V{t) = \^{t)h{t)l{t) (2) 
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n 
^(,)=^»(r)HO (3) 

where w is the bead width {rri), h is the bead height (w), and / is the bead length {m). Performing 
a momentum balance of the melt pool in the direction of deposition 

where 6 is the wetting angle {rad), YGL is the gas to liquid surface tension parameter, and ysi is 
the solid to liquid surface tension parameter. Performing an energy balance of the melt pool 

/.c,r(0F(/)+/7F(/)[c,(7;-ro)+;^,,+c,(r(0-7;)]=-/.^w(r);z(0v(0c,(7;-ro)+ 
(5) 

where T is the average melt pool temperature {K), Cs is the solid material specific heat (JI{kgK)), 
Tm is the melting temperature {K), To is the ambient temperature (K), hsi is the specific latent 
heat of fusion-solidification (Jlkg), ci is the molten material specific heat (J/(kgK)), HQ is the 
laser efficiency, Q is the laser power iyV), Us is the convection coefficient (W/m^K), OG is the heat 
transfer coefficient {Wln^K), e\s the surface emissivity, and cr is the Stefan-Boltzmann constant 
(W/m^K^). Using the steady-state solution for the conductive temperature distribution in a 
material subjected to an energy source moving at a constant velocity, the bead width-length 
relationship at the average temperature is given by the following elliptical relationship 

l{t) = X{t) +0.25 
w (') 
x{,) 

with   X[t) = maK 
w (t) MgQit) 

2      27rk(T{t)-To) 
(6) 

where k is the thermal conductivity constant (W/(mK)). 

EQUILIBRIUM ANALYSIS 
It is often of interest to determine the steady-state solution of equations (l)-(6). Two situations 
will be considered: one where the process variables are known and the process parameters must 
be determined and one where the process parameters are known and the process variables must 
be determine. Often, the designer knows the desired melt pool temperature, bead width, and bead 
height. Typically the bead length is not of interest. In this case, the designer would like to 
determine the process parameters that produce the desired melt pool temperature, bead width, 
and bead height. Setting the left hand side of equation (4) to zero, the equilibrium table velocity 
is 
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where the bar denotes equilibrium value. Note that yci must be less than ysi for the equilibrium 
table velocity to be positive. Setting the left hand side of equation (1) equal to zero, the 
equilibrium powder flow rate is 

ffi^PH^ (8) 

To solve for the equilibrium laser power and the equilibrium bead length, the left hand side of 
equation (5) is set equal to zero and the bisection routine is applied to the resuhing equation and 
equation (6). Note that if the bead length is equal to the bead width, equation (5) may be directly 
solved for the equilibrium laser power; however, for many situations this is not the case. Finally, 
the equilibrium bead volume is solved using equation (2). 

The following parameters are taken from Doumanidis and Kwak (2001): p = 7200 kg/m , ^m = 
0.92, HQ = 0.58, To = 292 K, 0= 90^ c, = 780 J/(kgK), hsi = 2.45*10^ Jlkg, T„ = 1673 K, as = 
183 WI{m^K), G= 5.67*10'^ Wl{rt?t\ OG = 24 WI(m^K), and e= 0.53. To achieve the same 
simulation results presented in Doumanidis and Kwak (2001), the following parameters were 
found by trial and error: k = 6.5 WI{mK), YGL-YSL = -0.00036, and c, = 1250 J/(kgK). For a 
desired melt pool temperature of 2000 K, bead width of 5 mm, and bead height of 2 mm, the 
powder flow rate, table velocity, and laser power should be 20.8 g/min, 5.64 mm/s, and 999 W, 
respectively. Also, the bead length and volume, respectively, are 9.06 mm and 47.4 mm . 

Sometimes a designer would like to predict the melt pool temperature and bead morphology for a 
set of process parameters. Given, the powder flow rate, laser power, and table velocity, equations 
(l)-(6) are solved for the melt pool temperature and bead morphology. Setting the left hand side 
of equation (4) to zero, the equilibrium bead height is 

-_-4\l-cos{0)][ra,-rsL] (9) 
pTtV^ 

Again, note that yoi must be less than ysi for the equilibrium bead height to be poshive. Setting 
the left hand side of equation (1) equal to zero, the equilibrium bead width is 

w = ^ (10) 
pnhv 

To solve for the equilibrium melt pool temperature and the equilibrium bead length, the left hand 
side of equation (5) is set equal to zero and the bisection routine is applied to the resulting 
equation and equation (6). Finally, the equilibrium bead volume is solved using equation (2). For 
a powder flow rate, table velocity, and laser power of 25 g/min, 5 mm/s, and 1200 W, 
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respectively, the melt pool temperature is 1928 K, the bead width is 5.32 mm, the bead height is 
2.55 mm, the bead length is 11.1 mm, and the bead volume is 78.8 mm^. 

The equilibrium bead height is inversely proportional to the square of the table velocity and is 
independent of the other process parameters. The equilibrium bead width is proportional to the 
powder flow rate, proportional to the table velocity, and is independent of the laser power. The 
melt pool temperature and bead length depend on all of the process parameters. The sensitivities 
of melt pool temperature and bead length with respect to laser power, table velocity, and powder 
flow rate are shown in Figure 1 for the numerical parameters given above. For sensitivities with 
respect to laser power, the powder flow rate and table velocity are 25 gimin and 5 mmis, 
respectively. For sensitivities with respect to powder flow rate, laser power and table velocity are 
1200 W and 5 mmIs, respectively. For sensitivities with respect to table velocity, the laser power 
and powder flow rate are 1200 W and 25 gImin, respectively. The meh pool temperature is 
relatively constant for low laser powers, increases quickly for laser powers around 1100-1200 
W, and increases slowly for high laser powers. For the laser metal deposition process, it is 
desirable to keep the melt pool temperature just above the melting temperature; in this example, 
1750-1850 K. If the melt pool temperature is too low, the substrate and powder will not meh 
and, if the meh pool temperature is too high, plasma will result and the part microstructure will 
not form properly. The bead length is minimum around 1100-1200 W, increases quickly for low 
laser powers, and increases slowly for high laser powers. For a very low laser power, 
approximately 200 W, both the meh pool temperature and bead length suddenly become small. 
This is due to the discontinuity in equation (6). The laser power becomes so small that the bead 
length is equal to the bead width. The melt pool temperature is a maximum for a table velocity of 
approximately 10 mmIs, decreases sharply for lower table velocities, and decreases slowly for 
higher table velocities, eventually becoming constant. The bead length is a minimum for a table 
velocity of approximately 5 mmIs and increases sharply for lower and higher table velocities. 
The melt pool temperature is relatively constant for high powder flow rates and increases 
steadily as the powder flow rate decreases. The bead length increases slowly as the powder flow 
rate increases until approximately 25 gImin where the bead length increases sharply. From a 
controls perspective, it appears that table velocity, powder flow rate, and laser power should be 
used to regulate bead height, bead width, and melt pool temperature, respectively. 

SIMULATION STUDIES 
A series of simulations are now conducted to analyze the laser metal deposition system. To 
simulate the differential-algebraic equations, a 4*'' order Runge-Kutta routine is used. An initial 
bead volume and an initial meh pool temperature are specified. Given initial conditions for the 
process parameters, equations (2), (4), and (6) are solved iteratively to determine consistent 
conditions for the bead dimensions (i.e., width, height, and length). The differential equations (1) 
and (5) are solved at each time step using the 4* order Runge-Kutta routine and equations (2), 
(4), and (6) are solved iteratively to determine the bead dimensions. Note that the 4* order 
Runge-Kutta routine requires intermediate derivative calculations that, in turn, require 
intermediate values of the state and algebraic variables. Thus, for every intermediate bead 
volume and melt pool temperature values, the bead dimensions are solved iteratively using 
equations (2), (4), and (6). 
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Simulations for step changes in the process parameters are shown in Figure 2. The system 
operates under steady conditions for 5 seconds and then the step changes in the process 
parameters are applied. The laser power changes from 1200 W to 1440 W, the table velocity 
changes from 5 mm/s to 6 mm/s, and the powder flow rate changes from 25 g/min to 30 g/min. 
The time responses were first-order and second-order type responses. It is interesting to note 
that the melt pool temperature had a smooth response while the bead dimensions, which are 
governed by the algebraic equations, had sharp responses to step changes in the process 
variables. Also, a step change in powder flow rate alone caused a very slow response in the bead 
dimensions as compared to the other simulations. To understand the stability characteristics, a 
multitude of simulations are conducted and the phase plots, i.e., plots of a state variable versus 
another state variable, are graphed. The phase plots are shown in Figure 3 for a variety of process 
parameter combinations. The phase plots include bead volume versus melt pool temperature, 
bead width versus bead height, bead width versus bead length, and bead height versus bead 
length. In all of the phase plots, the trajectories go to the equilibrium parameter values 
demonstrating the system is stable in the given region. It is interesting to note that the bead width 
and bead height have an inverse relationship. 

SUMMARY, CONCLUSIONS, AND FUTURE WORK 
This paper analyzed the equilibrium and stability properties of a dynamic model of the laser 
metal deposition process. The equilibrium bead height is inversely proportional to the table 
velocity and the equilibrium bead width is proportional to the powder flow rate and table 
velocity. The equilibrium bead length and meh pool temperature have a complex relationship to 
all of the process parameters. The dynamic analysis showed that the equilibrium is a stable 
equilibrium with a large region of attraction. Also, the bead width and bead height dynamically 
have an inverse relationship. In future work, analytically approximations of the sensitivity of the 
equilibrium bead length and equilibrium melt pool temperature to the process parameters and the 
region of attraction will be determined. 
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Figure 1:  Equilibrium Melt Pool Temperature and Bead Length as a function of Process 
Parameters. 
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Figure 2: Dynamic Simulation with 00) = 1200 W, v(0) = 5 mmis, m{0) = 25 gimin, F(0) = 78.8 mm , 
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Abstract 
Thermomechanical models developed in this research address two experimental 

observations made during the deposition of thin-walled structures by the LENS process. The 
first observation (via thermal imaging) is of substantial increases in melt pool size as a vertical 
free edge is approached under conditions of constant laser power and velocity. The second 
observation (via neutron diffraction) is of large tensile stresses in the vertical direction at vertical 
free edges, after deposition is completed and the wall is allowed to cool to room temperature. At 
issue is how to best control melt pool size as a free edge is approached and whether such control 
will also reduce observed free edge stresses. Thermomechanical model results are presented 
which demonstrate that power reduction curves suggested by process maps for melt pool size 
under steady-state conditions can be effective in controlling melt pool size as a free edge is 
approached. However, to achieve optimal results it is important that power reductions be 
initiated before increases in melt pool size are observed. Stress simulations indicate that control 
of melt pool size can reduce free-edge stresses; however, the primary cause of these stresses is a 
constraint effect which is independent of melt pool size. 

Introduction 
The LENS™ Process: The primary application of this work is to the Laser Engineered Net 
Shaping (LENSi""^) process developed at Sandia National Laboratories (Griffith et al., 1996). 
The LENS™ process is one of a number of competing processes developed with the goal of 
automatically fabricating complex shapes or features directly out of metal, based on a 3-D 
computer-aided-design model of the part. In the LENS™ process, parts are constructed by 
focusing a high-power laser beam onto a metal substrate, where it intersects streams of metallic 
powder. The laser locally melts the powder to form a molten pool on the top surface of the 
growing part. By moving the substrate under the laser beam, a part is built up, line by line and 
layer by layer. Parts are deposited onto a large metal base plate, which conducts heat away from 
the part, and acts to constrain the part from deformation during deposition. As shovra in Fig. 1, 
the process is particularly well-suited for the construction of fine features such as thin-walled 
structures. The models developed in this research directly address the construction of thin- 
walled features. Work is underway to not only optimize LENS^M process parameters manually, 
but to use real-time thermal images of melt pool size as part of a feedback mechanism 
controlling the process (Griffith et al., 1999). 
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Figure 1 Image of the LENS^"^ process fabricating a 
thin-walled structure. 

Problem Considered: The research described 
herein is motivated by two observations made 
during the construction of thin-walled 
features. The first observation comes from 
direct thermal imaging of the melt pool during 
metal deposition (Rangaswamy et al., 2003). 
Figure 2 shows experimentally obtained 
thermal contours as seen from the side of a 
stainless steel wall from such experiments. As 
the laser moves across the top of the wall with 
a constant laser power and velocity, the 
thermal contours reach a steady-state 
configuration (as viewed by an observer 
moving at the velocity of the laser). As a free 

surface is approached, however, the melt pool size becomes significantly larger, due to the 
decreased ability of the substrate to conduct heat away from the meh pool. 

Precise control of meh pool size is essential for accurate deposition of thin-walled 
structures and a key issue is how laser power and/or velocity might be altered to maintain a 
constant melt pool size as a free edge is approached. The problem is exacerbated by the fact that 
a reduction in laser velocity (and thus an increase in thermal energy imparted to the wall per 
distance moved in the deposition direction) may be needed to accurately deposit material near 
free edges, where a velocity reversal is needed to continue with deposition of the next layer of 
material. Although critical for thin-walled structures, analogous problems exist as free edges are 
approached in the deposition of bulky structures. 

A second observation serving as motivation for this research comes from neutron 
diffraction measurements of stress in thin-walled structures at a fixed depth from the deposition 
surface (Rangaswamy et al, 2003). Figure 3 shows a plot of measured stresses as a fiinction of 
distance across the width of a deposited thin wall (where the width is measured in the deposition 
direction). Measurements are taken at a depth of 45 mm from the top surface of a wall that is 90 
mm tall, 25.4 mm wide and 1.5 mm thick. The y coordinate is defined as being the horizontal 
coordinate along the direction of deposition (along the width), the x direction is defined as being 
the horizontal coordinate normal to the direction of deposition (through the thickness) and the z 
coordinate is in the vertical (height) direction. In contrast to stresses near the top of the wall, 
which consist of large stresses in the y (deposition) direction and essentially zero stress in the x 
and z directions, at a depth into the substrate there are large stresses in the z (vertical) direction 
and relatively small stresses in the other two directions. The z stress is tensile near the left and 
right free edges and compressive in the middle of the wall. Because there is no net force applied 
to the wall in the z direction, the area under the Ozz vs. y curve is zero. 

The stresses plotted in Fig. 3 were measured on a thin wall that was still attached to the 
large base plate it was built upon. One possible source of the tensile Ozz stresses in the plot of 
Fig. 3 is constraint from the comparatively stiff base plate keeping the wall from experiencing a 
bending-type deformation. In this case, the base plate would induce tensile stresses on the 
outside edges of the plate and compressive stresses in its middle, as is seen in the stresses plotted 
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in Fig. 3. However, in this particular case, the wall has a large height relative to its width. This 
would tend to limit the effect of the base plate on the stresses at the wall's mid-height. An 
analogous source of the tensile Ozz stresses plotted in Fig. 3 could be constraint from the portion 
of the wall below the location where the stresses are measured. If a wall is tall compared to its 
width, the wall can constrain its own bending-type deformation, setting up stresses that have a 
distribution like that seen in Fig. 3. A final possible cause of the Ozz stresses is the increase in 
melt pool size near the free edge. Elevated temperatures along the vertical edge could result in 
the build-up of tensile stress in the vertical direction as the fi-ee-edge region cools. In this 
scenario, smaller contractions in the z direction in the bulk of the wall would constrain larger 
contractions in the z direction near the free edge, inducing tensile stresses in the free edge region. 
As a thin wall is constructed, this sequence of events would occur with the deposition of each 
wall layer. 

The primary motivation of this work is to understand increases in meh pool size near free 
edges in the LENS™ and other similar processes, and how such increases can be controlled via 
dynamic decreases in laser power. A secondary issue to be considered is the existence of 
measured tensile stresses near the free edge in thin-walled structures and whether control of melt 
pool size could reduce or eliminate them. 
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Figure 2 Temperature contour plot from thermal 
imaging experiments on a thin wall, showing 
significant melt pool size increase near a free 
edge (from Rangaswamy et al, 2003). 
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Figure 3 Plot of residual stress measured in a 
LENS^'^-deposited thin wall as a function of 
distance along the wall width (from Rangaswamy 
et al, 2003). 

Existing Work: Most experimental and modeling research on automated laser-based fabrication 
processes has addressed the manipulation of process parameters for process control under stea^ 
build conditions. Over the past eight years, an extensive research effort to develop the LENS 
process at Sandia Laboratories has resulted in an understanding of what process parameters are 
needed to build a number of standard shapes out of stainless steel, titanium and a few other 
alloys. Despite this success, gaining a fundamental understanding of the inter-related effects of 
process variables such as laser power and velocity on critical process parameters such as meh 
pool size and residual stress remains a challenge. Such an understanding is needed to further 
develop LENS™ and other related laser-based freeform fabrication processes. 
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Modeling work by Vasinonta et al. (1999, 2001a, 2001b) has begun to address this need 
by developing easy-to-use "process maps" allowing the prediction of steady-state meh pool size 
in thin-walled and bulky features for any practical combination of LENS process variables. 
The simultaneous control of residual stress and meh pool size has been addressed by Vasinonta 
et al. (2000). A brief overview of the process map approach to understanding laser-based 
freeform fabrication processes is given by Beuth and Klingbeil (2001) and a complete 
presentation of the process map approach for controlling steady-state melt pool size and residual 
stress in thin-walled and bulky parts is given by Vasinonta (2002). Most of the numerical 
approaches used in the research described in this paper are based on this earlier work. A new 
application of the process map approach involves developing process maps of cooling rates and 
thermal gradients at the melt pool boundary with the goal of predicting microstructure (Bontha 
and Klingbeil, 2003) (also in this symposium proceedings). The ultimate goal of this body of 
research is to understand in a fundamental way the control of melt pool size, stress and material 
properties in laser-based deposition processes and to present results in a form that process 
engineers can readily use. Portions of this research also make use of resuhs presented in 
insightful internal reports from Sandia Laboratories by Dobranich and Dykhuizen (1998a, 
1998b) and Dykhuizen and Dobranich, (1998). Their steady-state analytical and numerical 
simulations address the importance of a number of simplifying assumptions used in modeling the 
LENS™ process. 

Although an understanding of steady-state process control is important, ultimately an 
understanding of dynamic process control is needed to advance laser-based freeform fabrication 
processes. Experimental studies of the LENS™ process by Griffith el at. (1999) and Hofmeister 
et al. (2001) have addressed this issue by considering transient control of melt pool size via a 
thermal imaging feedback control system. Their control system has the ability to alter process 
parameters as needed to maintain a consistent meh pool size. The research described in this 
paper represents an initial effort to model transient changes in meh pool size for a commonly 
encountered event (the approach of a free edge). Conclusions from this paper have served as the 
basis for developing process maps for transient melt pool size control, which is addressed in 
another paper in this symposium (Bimbaum et al., 2003). 

Modeling Approach 
The ABAQUS finite element software package was used for calculating temperatures and 

stresses in a thin wall. The 2-D model consists of a concentrated heat source moving across a 
tall thin wall 25.4 mm in length with a thickness of 1.5 mm and a height of 90 mm. These 
dimensions match those of the thin wall used to develop the neutron diffraction resuhs plotted in 
Fig. 3. In all simulations presented in this paper, the heat source begins at the left edge of the 
wall, travels left to right across the wall to the right free edge, and then traverses the top of the 
wall again, traveling from right to left. As such, only the final pass of the laser over the wall is 
modeled (where the thin wall studied by Rangaswamy et al. (2003) was buih up via multiple 
laser passes). 

A moving heat source is simulated by applying a concentrated heat flux at a node on the 
model surface for a time equal to the distance between model nodes divided by the laser velocity. 
Nodal temperature results of the current step are then used as initial conditions for the next step, 
where a new concentrated heat flux is applied to the next node. A mechanical model of the same 
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mesh density and dimensions is used to simulate residual stresses caused by time-dependent 
temperatures from the thermal model. Meshes used for the thermal and mechanical simulations 
contained 32218 nodes and 31860 elements and an image of the region near the meh pool in the 
middle of the wall is included as part of Fig. 4. Although meshes are sufficiently dense to 
capture melt pool size and shape in all regions of the model, a higher density mesh is used near 
the right free edge, where explicit values of melt pool depth are extracted. In all simulations 
presented herein, deposition of 316 stainless steel is modeled (matching the experiments in 
Rangaswamy et al., 2003). 

Figure 4 gives the boundary conditions used in the thermal and mechanical simulations. 
Thermal simulations model all free edges as insulated boundaries, neglecting convection and 
radiation at these locations, as suggested in the work by Dobranich and Dykhuizen (1998a). A 
fixed temperature condition is enforced at the base of the wall, modeling the base plate the wall 
is deposited onto as an ideal heat sink (the base plate itself is not modeled). Mechanical 
simulations model the free edges as traction-free, with displacements constrained to be zero at 
the base of the wall, modeling the mechanical constraint of the base plate. 

Insulated 
(Heat Transfer Model) 

Fixed Temperature 
(Heat Transfer Model) 

Traction-Free 
(Stress Analysis Model) 

Zero Displacement 
(Stress Analysis Model) 

tsase riaie 
(Not Explicitly Modeled) 

Figure 4 Schematic of the thin wall thermal and mechanical models, simulating heat transfer from a point heat 
source moving across the top edge and resulting thermal stresses. 

Thermal properties of AISI 316 stainless steel used in the simulations include a soHdus 
temperature of 1644 K, a liquidus temperature at 1672 K and constant density of 7652 kg/m^ 
(Peckner and Bernstein, 1977). Based on data plotted by Peckner and Bernstein (1977) the 
variation of thermal conductivity and specific heat with temperature is approximated up to the 
solidus temperature by the following linear relations: 

A: =11.82 + 0.0106 7 (W/mK) 

c = 389.66 + 0.230 T (J/kgK) . 

(1) 
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Above the solidus temperature, k and c are held constant. A latent heat of fusion of 2.65x10^ 
J/kg is also used. 

Mechanical properties used in the simulations are also taken from Peckner and Bernstein 
(1977). The Young's modulus and coefficient of thermal expansion are approximately linear 
ftinctions of temperature and are represented by the following equations: 

£ = 200-0.094(7-300) GPa (2) 

flr= 14.55+ 0.00377     lO^^/K 

Above the solidus temperature, the Young's modulus and coefficient of thermal expansion are 
held constant at 1 GPa and 20.6x10"^/K, respectively. The temperature dependence of yield 
stress is taken from tabulated data of yield stress divided by room temperature yield stress. A 
room temperature yield stress of 441 MPa was used, as measured for LENS^^-deposited SS 316 
(Griffith etal., 1996). 

Process Maps for Melt Pool Size 
As shown by Vasinonta et al. (1999, 2001a), the solution of Rosenthal (1946) for a point 

heat source moving across a (2-D) half-space can be used as the basis for developing "process 
maps" that rigorously quantify the relationship between meU pool size and laser power, laser 
speed, part height and part preheat temperature. Although the process maps are strictly 
applicable to steady-state thermal conditions, in this paper they are used as a guide for 
determining power reductions needed to maintain a constant melt pool size under transient 
conditions as a free edge is approached. As suggested by the Rosenthal (1946) solution, a 
process map for melt pool length in thin-walled structures is represented through three 
dimensionless variables: the normalized melt pool length, /, the normalized substrate height, 
h , and the normalized melting temperature, T^, which are defined as follows: 

T_       I — h j'    —   m ~^base /o\ 
^-li^'^=lLr-^^''"      aQ/     • ^^^ 

/ pcV /pcV /jdct 

In eq. (3), 1 is the meh pool length, t is the wall thickness and h is the wall height, p, c, k and Tm 
are the density, specific heat, thermal conductivity and melting temperature of the deposited 
material, respectively. aQ is the absorbed laser power, V is the laser velocity, and Tbase is the 
wall and base plate preheat temperature. 

If thermal properties are temperature-independent, results from the analysis of a 
concentrated heat source moving over a thin-walled structure of finite height, h, can be 
represented as a single surface plotted on three coordinate axes of /, /z and Tj^^. Vasinonta et 
al. (1999, 2001a) demonstrate that even for analyses including temperature-dependent properties 
and latent heat, results can be graphically represented in terms of these dimensionless variables 
with acceptable accuracy, valid of over the full range of process variables used in the deposition 
of stainless steel in the LENS^^ process. Coupled with rules developed for its effective use, the 
resulting "process map" allows the presentation of meh pool length resuks for all combinations 
of process variables in a compact and useable form. 
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Modeling Results 
Melt Pool Depth Control: The plots of model results in Figs. 5 and 6 demonstrate how melt pool 
depth can be controlled through reductions in laser power as a free edge is approached. In both 
figures, the term heat flux power refers to absorbed laser power, aQ, where a is taken as equal to 
0.35. In this paper, melt pool depth is considered instead of melt pool length because it is 
potentially related to the development of tensile stresses at the free edge. Control of melt pool 
depth is also critical in ensuring bonding between deposited layers. As indicated by the solid red 
line in Fig. 5, for the case of a heat source moving toward a free edge with constant laser velocity 
and power (designated by the dashed red line), melt pool depth is increased by a factor of 
roughly 2.5. This behavior is caused by the proximity of the free edge reducing conductive heat 
transfer from the melt pool area. 

The melt pool depth increases seen under constant power conditions (the data designated 
by the solid red line) have been used to estimate power reductions needed to control melt pool 
depth as the free edge is approached. This data has been combined with results from the process 
map research by Vasinonta et al., 1999, 2001a. In that work, it is shown that the Rosenthal 
analytical solution can be used to effectively predict melt pool length in tall walls of SS304 if 
properties of SS304 at 1000 K are used in calculating dimensionless variables. Based on this 
result, the Rosenthal solution with properties of SS304 at 1000 K (which are similar to SS316) 
was used to calculate the percent reduction in laser power needed to return to the ambient steady- 
state value of melt pool depth as a fiinction of laser travel distance. The resulting power vs. 
travel distance curve is given as the black dashed line in Fig. 6. This power vs. distance curve 
yields a substantially smaller increase in melt pool size as the free edge is approached (the black 
solid line). 
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Figure 5 Melt pool depth vs. horizontal distance traveled near a free edge, for constant and varying laser powers 
with and without early initiation in laser power reduction. 
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Although it is an improvement, the meh pool size changes designated by the solid black 
line of Fig. 5 are still not optimal. A roughly 75% increase in meh pool depth is seen. A critical 
issue is the time delay between a power change at the meh pool and resulting changes in the melt 
pool size. The results designated by the blue dashed and solid lines illustrate an attempt to 
remedy this. In this case, the power reduction vs. travel distance curve, designated by the blue 
dashed line, is identical to the black dashed line, but the reduction in power is initiated before the 
melt pool size begins to increase. The resulting plot of meh pool size vs. travel distance shows 
an initial decrease in meh pool size, followed by a much smaller melt pool size increase. 
Overall, the meh pool size is near the free edge is effectively controlled. 

It is important to reiterate that the power reduction curve used in this case (the blue 
dashed line in Fig. 5) is based on melt pool size increases under constant power conditions. 
Because those meh pool size increases now do not occur, the power reduction magnitudes as the 
laser moves away from the free edge are larger than they need to be. This is clearly seen in the 
melt pool size data for values of distance from the right edge greater than 2 mm. The melt pool 
depth does not approach its steady-state value because the power (which is based on the red solid 
line data) has not been increased to its steady-state value. To consider this issue, another 
simulation has been performed that includes not only the early initiation of power reductions, but 
also a sudden increase to 60% of the ambient power at the time when the meh pool depth reaches 
its steady-state value as it moves away from the free edge, followed by an increase to 80%) of the 
ambient power. Figure 6 shows the results of this case, which is meant to simulate some type of 
feedback control of meh pool size. The resulting plot of melt pool depth shows good control of 
melt pool size as the laser leaves the free edge region. 
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Figure 6 Melt pool depth vs. horizontal distance traveled near a free edge, for varying laser powers including one 
case with early initiation of power reduction and a sudden switch to 60% and then 80% of the ambient laser power. 
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Collectively, the results of Figs. 5 and 6 show that power reductions suggested by steady- 
state model results (e.g. the process maps of Vasinonta et al., 1999, 2001a) can be a useful guide 
for maintaining a consistent melt pool size as a free edge is approached. However, if power 
reductions are initiated at the time when the melt pool size begins to increase (as would be done 
in a feedback control system) the benefit is limited. Instead, power reductions should be initiated 
in advance of observed increases in melt pool size. Finally, at some point feedback control must 
be used to effectively return the melt pool to steady state conditions. Thus effective control of 
melt pool size requires a combination of accurate tracking of heat source location, accurate 
modeling to determine the initiation time and magnitude of power reductions, and feedback 
control of power based on observed melt pool sizes. 

Stress Control: Figures 7 and 8 show stress contour plots in thin-walled structures after cool- 
down to room temperature, resulting from a heat source traveling across the top of the wall from 
left to right and then from right to left. The contour plot of Fig. 7, which is for the case of 
constant laser power, shows a significant amount of tensile residual stress in the vertical 
direction near the left and right edges. Although the model is for a single back and forth pass of 
the heat source, the resulting stresses are qualitatively similar to the experimental results plotted 
in Fig. 3. The contour plot of Fig. 8 is for the same case as that for Fig. 7; however, the melt 
pool size has been controlled near the free edges via the power reduction curve designated by the 
blue dashed line of Fig. 6. It is clear that the tensile stresses near the free edge are not 
significantly changed by controlling melt pool size (though they are reduced slightly). 
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(b) 
Figure 7 (a) Vertical stress contours after cool-down to room temperature obtained from a model with constant laser 
power and (b) magnification of the top portion of the contour plot. 

Finally, Fig. 9 provides a stress contour plot from an elastic thermal simulation designed 
to replicate the types of stresses induced in the tall wall by the laser. That simulation consists of 
a thermal mismatch problem, where a layer on top of the wall is subjected to a uniform free 
thermal contraction relative to the rest of the wall. The thickness of the layer was chosen to 
roughly match the thickness of the region in the top of the heat source simulation experiencing 
tensile stresses in the horizontal direction. The magnitude of the thermal mismatch strain was 
chosen to give an average stress in the layer roughly equal to the tensile stress in the horizontal 
direction in the top region of the heat source model. As shown in Fig. 9, the elastic simulation 
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clearly produces stress contours analogous to those from the heat source simulation of the 
thermal deposition process. 
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(b) 
Figure 8 (a) Vertical stress contours after cool-down to room temperature obtained from a model with reduced laser 
power near the left and right edges (controlled melt pool depth) and (b) magnification of the top portion of the 
contour plot. 
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(b) 
Figure 9 (a) Vertical stress contours from an elastic simulation reproducing the model cool down process and (b) 
magnification of the top portion of the contour plot. 

The conclusion from the stress results of Figs. 7-9 is that the primary cause for measured 
and modeled tensile stresses in the vertical direction near the free edges of deposited thin walls is 
not melt pool size increases. Substantial reductions in melt pool size near the free edges yield 
only a minor reduction in free edge stresses. Also, the same types of stresses are seen in the 
elastic simulation of a thermal mismatch strain, where no melt pool exists at all. For the 
simulations performed in this study, constraint of the base plate is also not an issue. The walls 
are so tall relative to their width that the stresses at the base of the wall due to constraint of the 
base plate are not significant. If the constraint at the base plate were removed, the effect on the 
free edge stresses would be minimal. There may be some role of base plate constraint for the 
stresses plotted in Fig. 3, however, which were measured at a location halfway up the wall 
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height. The main cause for the tensile stresses in the vertical direction near the free edge appears 
to be constraint from bending-type deformation by the bulk of the wall below the top surface. In 
a tall wall built up by successive deposition of layers, one would expect tensile stresses at the 
free edges (and compressive stresses in the middle of the wall) along nearly the entire wall 
height, falling rapidly to zero as the top free edge is approached. Removal of the base plate 
would relax these stresses near the base of the wall only. 

Conclusions 
The primary goal of this research was to gain insight into how increases in meh pool size 

seen at free edges in the LENS™ and other similar processes can be controlled. A second goal 
was to understand the development of tensile residual stresses measured near the free edges of 
thin-walled structures, determining whether control of melt pool size in that region could in turn 
help reduce these stresses. The modeling work performed in this research demonstrates that 
power vs. melt pool size relationships developed from steady-state models can be used as a guide 
in determining power reductions needed to maintain a consistent meh pool size as a free edge is 
approached. However, if one waits until an increase in melt pool size begins to occur before 
initiating power reductions (as is done in feedback control systems) melt pool size cannot be 
effectively controlled. Instead, power reductions should be initiated in advance of meh pool size 
changes to compensate for the time required for system response to laser power changes. Thus, a 
key component of melt pool size control is effective process modeling to determine appropriate 
power changes and distances from the free edge to initiate them. As the laser leaves the free 
edge, feedback control becomes important to achieve a rapid return to steady-state condhions. 

Mechanical models have determined that localized increases in melt pool size are not the 
primary cause for large magnitude tensile stresses measured in the vertical direction near free 
edges. Instead, these stresses are primarily caused by constraint of the wall from a bending type 
of deformation. If a wall is short compared to its width, or at the base of a tall wall, the 
constraint will come from the large base plate the wall is deposited onto. Away from the base of 
tall walls, tensile stresses near the free edges are induced by constraint of the wall itself These 
stresses will remain even after the wall is machined from the base plate. 
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Abstract 

Selective Laser Sintering (SLS) of metal powder is modeled as a two-dimensional melting 
and resolidification of a loose powder layer on top of the sintered metal layers with a moving 
heat source. The shrinkage induced by melting is accounted for and the problem is modeled 
using a temperature-transforming model. The results indicate that both the moving heat source 
intensity and scanning velocity have significant effects on the sintering process. Since the 
thermal conductivity of the sintered layer is relatively high compared with that of the loose 
powder, higher heat source intensity and lower scanning velocity are needed to achieve complete 
melting of the loose powder and bond the current layer to the existing sintered layers. A 
parametric study is performed and the best combinations of the processing parameters are 
recommended. 

Introduction 

Selective Laser Sintering (SLS) is a process that the three-dimensional part is fabricated layer- 
by-layer from a CAD design [1]. Fabrication of near full density parts from metal powder in the 
SLS is achieved by melting and resolidification induced by a moving laser beam. A liquid pool is 
formed when laser beam scans over the top surface of loose powder and then resolidified after 
the laser beam moves away. Multiple sintered layers, which are fabricated layer by layer due to 
the reciprocated movement of laser beam, are formed to fabricate three-dimensional part. 

Melting and resolidification are the mechanisms to bond powder particles to form a layer of 
part and they are also the mechanisms to bond different layers together to form a fiinctional part. 
Fundamentals of melting and solidification have been investigated extensively and detailed 
reviews are available in the literatures [2, 3]. It should be noted that melting in SLS of metal 
powder significantly differs from the normal melting process since the significant density change 
due to the shrinkage accompanies melting. For a single-component powder system, balling 
phenomenon, which is the formation of small spheres with the approximate diameter of laser 
beam, occurs since the molten metal is contained by fully loose powder rather than fiiUy dense 
material. The tensile force on the surface of molten metal is not enough to keep it to a layer-wise 
geometry. The balling phenomenon can be avoided by using a two-component powder system 
that contains two types of metal powders possessing significantly different melting points [4, 5]. 
During the SLS process, only low melting point metal powder goes though melting and 
resolidification while the high melting point metal powder remains solid in the process. Since the 
high melting point metal powder alone cannot sustain the powder layer structure, the powder 
layer collapse upon melting of low melting point metal powder particles. Solidification of low 
melting point metal bonds the high melting point metal powder particles together to form frilly 
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densified part. The liquid-solid phase change during melting of a two-component packed bed 
was investigated by Mughal and Plumb numerically [6] and a constant porosity model is 
developed. Zhang and Faghri [7] analytically solved a one-dimensional melting problem in a 
semi-infinite powder bed containing a two-component powder mixture subjected to a constant 
heat flux heating. Chen and Zhang [8] obtained an analytical solution of one-dimensional 
melting of the two-component metal powder layer with finite thickness. 

Since the laser beam is moving over the powder layer and it has a very small diameter 
compared with the dimension of powder layer, SLS of metal powder is a three-dimensional 
transient melting and resolidification problem. It is economical to simulate melting and 
resolidification in a two-dimensional mixed metal powder layer before the real complex three- 
dimensional model of SLS is developed. A two-dimensional transient model of laser-melting 
problem with a moving laser beam, of which the interface energy balance was neglect, was 
developed by Chan et al. [9]. Basu and Srinivasan [10] solved a two-dimensional steady-state 
laser-melting problem using an alternative direction implicit scheme with a false transient 
formulation. Melting and resolidification of a subcooled semi-infinite two-component metal 
powder bed with a moving Gaussian heat source was simulated by Zhang and Faghri [11]. The 
two-dimensional melting and resolidification problem of a two-component metal powder layer 
with finite thickness was investigated numerically by Chen and Zhang [12], who demonstrated 
that the powder layer thickness, moving heat source intensity and scanning velocity have 
significant effects on the sintering depth. SLS is a process that functional part is fabricated by 
sintering of powder layer by layer. Except for the first layer, the consecutive layers are always 
fabricated by sintering of a loose powder layer on top of existing sintered layers. The present 
paper focuses on the effects of the combination of laser beam intensity and scanning velocity on 
the sintering process in the loose powder layer when the number of existing sintered layers 
increases. With prescribed numbers of existing sintered layers, the optimized moving laser beam 
intensity associated with specified scanning velocity was obtained. A through parametric study 
will be conducted and an empirical correlation will be proposed. 

Physical model and problem statement 

A loose powder layer containing two-component metal powders possessing significantiy 
different melting point sits on the top of multiple sintered layers, as shown in Fig. 1. Each 
existing sintered layer is produced by sintering of two-component metal powder and is 
considered to be infinite horizontally but finite vertically. A moving Gaussian laser beam 
interacts with the top surface of the loose powder and then melting is induced. It should be noted 
that only the low-melting-point-temperature powder melts during the laser sintering process. It is 
assumed that the sintered layer is fiilly densified so that the thickness of each sintered layer can 
be determined by using the thickness and porosity of the loose powder layer. It is very important 
to identify the best combination of processing parameters that allow complete sintering of the 
loose powder and secure bonding of the newly sintered layer to existing sintered layer. During 
the simulation, the sintering depth is permitted to slightiy exceed the interface of the loose 
powder layer and the next existing sintered layer so that each layer can be bonded together 
tightiy. 

The following assumptions are made for the physical model: 

(1) Melting and resolidification in SLS is a conduction controlled phase-change problem. 
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(2) The thermal properties of the low melting point powder are the same for both liquid and 
solid phases. 

(3) Two kinds of metal powders are fully mixed and the initial porosity is uniform. The 
porosity of the sintered layer is zero, which means all of the gas is driven out by shrinkage 
after the loose powder layer is sintered. 

(4) The bottom of the computational domain is adiabatic. 

(5) The horizontal dimension of the powder layer is sufficiently large compared with the size 
of the heat source so that the problem is quasi-steady-state. 

to 

sintered area liquid pool 

sintered layer 

unsintered 
powder 

t 
z 

. Low melting point powder 

. High melting point powder 

Fig. 1 Physical model 

The physical model is formulated using a temperature transforming model, which converts the 
enthalpy-based energy equation into a nonlinear equation with a single dependent variable - 
temperature. In this methodology, the solid-liquid phase change is assumed to occur in a very 

small range of phase-change temperatures from (r^°-^°) to (7^°+cSr°) [13]. The beauty of 
temperature transforming model is that the converged solution can always be obtained without 
the limitation on grid size and time step when it deals with the conduction-controlled phase- 
change problem. It can also successfully model convection controlled solid-liquid phase change 
problem. A moving coordinate system, of which the origin is fixed at the center of the heat 
source and moved together with it at the speed, u, is employed. If one observes from the origin, 
the powder layers travel at a velocity, -u , in the opposite moving direction of the laser beam. 
Therefore, a nonlinear convection term is introduced into the governing equation. Since the 
horizontal dimension of powder layer is much larger than the size of the heat source, the physical 
model is a steady-sate melting and resolidification problem in a moving coordinate system. The 
dimensionless governing equation in the moving coordinate system is 

dx dz     dx^  dx^  dz^  dz^ ^    dx     dz' 
(1) 

where the dimensionless variables are defined in the nomenclature. The dimensionless shrinkage 
velocity, W, heat capacity, C, source term, S, and thermal conducfivity, A:, in eq. (1) in the 
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loose powder layer are different from those in existing sintered layers below, which have been 
fiilly densitified. In the loose powder layer, 

(2) 
0 Z>77.,<A 

W = 

c = 

(l-£)(^,+l-^)       T<-AT 

2ScAT 
-AT<T<AT (3) 

(\-e)i^,+l-^)      T>AT 

S = 

0 

2Sc 
(I-£)(/€, 

T<-AT 

-AT<T<AT (4) 

Sc 
T>AT 

K = 

K eff T<-AT 

K-K„ ^eff 

lAT 
T>AT 

(T + AT)    -AT<T<AT (5) 

In the resolidified region at the left side of liquid pool and below the loose powder layer, 

W = 0 (6) 

C = (l-f)(^Q+l-<z)) (7) 

S = 
Sc 

K = K, 

(8) 

(9) 

where J^e^is the dimensionless effective thermal conductivity of the loose powder region and Kp 
is dimensionless thermal conductivity in the sintered region. The mathematical descriptions of 
Keff and Kp are given in Zhang and Faghri [11]. The corresponding boundary conditions of eq. 
(1) are as following 

aZ 
(10) 

-- = 0,   Z = A,+7VA„,-OO<A: <oo^ -r>o 
aZ 

(11) 

r = -l,       |x|-^oo,       0<Z<A,        r>0 (12) 

The location of liquid surface is related to the sintered depth with the assumption that the 
sintered layers are fully densitified, i.e., 

J1,(X) = £,vAX) (13) 
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Numerical Solution 

A false transient method is employed to solve eq. (1) numerically since a steady-state problem 

is difficult to deal with. In this methodology, a false transient term, ——, is included in eq. (1) 

and then the converged steady-state solution is obtained when the temperature distribution and 
sintering depth do not vary with the false time. Equation (1) with false transient term can be 
discretisied by the finite volume method [14]. A block-off technique recommended by Patankar 
[14] is employed to deal with the irregular geometry of liquid pool caused by the downward 
movement of top liquid surface due to shrinkage. Therefore, the computational domain is the 
regular rectangle and the density and thermal conductivity in the empty space created by the 
shrinkage are set to zero. The power-law scheme [14] is employed to discretize the convection- 
diffusion terms. The iteration and underrelaxation are needed in order to obtain the converged 
solution. A very small dimensionless phase-change temperature range, AT = 0.001, is used in 
the numerical computation. 

The dimensionless horizontal length of computational domain is much greater than the 
magnitude of moving heat source in order to obtain the quasi-steady-state solution. The 
dimensionless thickness of each existing sintered layer can be determined using the porosity and 
thickness of loose powder layer as indicated in previous section. The total dimensionless 
thickness of the whole computational domain in Z direction increases with added numbers of 
sintered layers. The origin of coordinate system {X=0, Z=0) is located at the center of top surface 
of computational domain in X direction. The non-uniform grids are employed in both of X and 
Z directions. The numerical solution is carried out for non-uniform grids in X direction of 
which the fine grids are distributed around the origin symmetrically. The fine grids zone is 
greater than the width of moving heat source. For the non-uniform grids in Z direction, the fine 
grids are distributed uniformly in the loose powder layer and the consecutive coarse grids in 
multiple sintered layers are set up in arithmetic progression with variable grid size according to 
different numbers of sintered layers. The gird number used in the present paper is 122x32 to 
122x47 depending on the number of existing sintered layers. Finer grid sizes were also used but 
their results did not provide a noticeable difference with the present grid size. It should be noted 
that finer grids in existing sintered layers is needed in order to obtain the converged solution 
when too large numbers of sintered layers are concerned, for example, 50 in the present paper. 

The optimized combination of heat source intensity and scanning velocity is obtained when 
the sintering depth penetrates the bottom surface of loose powder layer. In order to trace the 
sintering depth, a small value of heat source intensity associated with a specific scanning 
velocity is assigned at first. The dimensionless false time step is assumed to be a value that can 
not be too large since the convection term is appeared in the governing equation because of the 
introduced moving coordinate system. The false time step used in the present paper is AT = 0.01 
for N<\f) and AT = 0.001 forA'^ = 50. The value of heat source intensity is grown with a small 
increment if the sintering depth is determined not to move further at the previous value of heat 
source intensity. When the sintering depth approaches the bottom surface of the loose powder 
layer very closely, the dimensionless false time step and increment of heat source intensity is 
shifted to a smaller value in order to obtain more accurate solution. The computing procedure is 
finished when the sintering depth penetrates the bottom surface of loose powder layer. 
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Results and discussion 

The sintering process in a loose powder layer was simulated when the numbers of sintered 
layers below are 1, 2, 3, 5, 10 and 50 respectively. The effects of dimensionless moving heat 
source intensity, dimensionless scanning velocity and numbers of sintered layers, which are 
dominant parameters for a two-dimensional sintering process, were investigated numerically. 
The   effect   of   subcooling   parameter   on   the   sintering   process   is   also   investigated. 
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Fig. 2 Combined effects of dimensionless 
moving heat source intensity and scanning 
velocity on the sintering process (N = \) 

Fig. 3 Combined effects of dimensionless 
moving heat source intensity and scanning 
velocity on the sintering process (N = 2) 

Figure 2 shows the combined effects of dimensionless moving heat source intensity and 
scanning velocity on the sintering process when there is one sintered layer below. The optimized 
laser beam intensities is shown in parentheses. The sintering depth penetrates the loose powder 
layer slightly in order to bond the newly sintered layer to the existing sintered layer. It can be 
seen that the shape of liquid pools is similar when the scanning velocity increases. The upper 
part of the liquid pool stretches in the opposite direction of the moving heat source like a tail. 
The entire liquid pool shifts slightly toward the negative ^ direction when the scanning velocity 
increases. The increment of optimized dimensionless heat source intensity is small compared 
with the increase of scanning velocity from 0.075 to 0.175. It is necessary to let the sintering 
depth overpass the bottom surface of loose powder layer slightly in order to bond layers together. 

The combined effects of dimensionless moving heat source intensity and scanning velocity on 
the sintering process when there are two sintered layers below are shown in Fig. 3. The shape of 
the liquid pool at each scanning velocity is similar to those in Fig. 2 When one more sintered 
layer is added, the heat source intensity at each scanning velocity increases significantly in order 
to obtain the same sintering depth in the loose powder layer. More heat is conducted away from 
the loose powder layer since the dimensionless thermal conductivity of sintered part is larger 
than that of loose powder layer. The numerical simulations are then performed for more sintered 
layers below and the results are shown in Fig. 4-7. The similar trend of moving heat source 
intensity at different scanning velocities compared with the corresponding case in Fig. 2 and Fig. 
3 can be found. With increasing numbers of sintered layers, the moving heat source intensity at 
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each scanning velocity is significantly increased. The increment of heat source intensity is 
similar when the added sintered layer has the same thickness. The liquid pool in the sintering 
process still keeps the similar shape but its volume is growing because of greater heat source 
intensity needed. The fluctuation in the front part of liquid pool is growing apparently with 
increasing numbers of sintered layers below. 

1X1075 (N(=O.0«E) 

LWl10O(N|=QO412) 

l>Q125(h^=Q0416) 

l>Q190(h|=O.O120) 

U=O.M5l^=aOXS) 

1.5 

Fig. 4 Combined effects of dimensionless 
moving heat source intensity and scanning 
velocity on the sintering process (A^ = 3) 

Fig. 5 Combined effects of dimensionless 
moving heat source intensity and scanning 
velocity on the sintering process (A^ = 5 ) 
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U=O.150((S=O.0515) 

l>0.175 (1^=0.0516) 
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Fig. 6 Combined effects of dimensionless Fig. 7 Combined effects of dimensionless 
moving heat source intensity and scanning moving heat source intensity and scanning 
velocity on the sintering process (N = \0)      velocity on the sintering process (N=50) 

In order to obtain the empirical correlation for the optimized dimensionless moving heat 
source intensity, a parametric study is performed and the results are shown in Fig. 8. The 
parameters used to in the simulation are shown in Table 1. The optimized dimensionless moving 
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heat source intensity is plotted as a function of scanning velocity, U , according to different 
numbers of sintered layers of which each layer has the same thickness. It can be seen that the 
optimized dimensionless moving heat source intensity increases with increasing scanning 
velocity at prescribed numbers of sintered layers and increases significantly when the numbers of 
sintered layers are added. The optimized dimensionless moving heat source intensity shown in 
Fig. 8 can be correlated into the following expression, 

N.=AU^'^^+N^°^'^^ (14) 

where y4 = -0.9627 + 4.3930x10"^ N andU>0. The error of eq. (14) is within9.9% . 
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Fig. 8 Optimized dimensionless moving heat source intensity vs. scanning velocity 

Table 1 Parameters used in parametric study 

£s 0.4 N, 1.5 Sc       2.0 ^^    0.2 ~ 0.4 

N, 4.2x10^ T^ 1.0 B.    7.4x10-' U     0.075-0.175 

\ 0.25 <t> 0.4 ^.n      2.9 C,n   0.7 

N 1,2,3,5,10,50 

In order to investigate the effect of preheating on the sintering process, effect of subcooling 
parameter on the sintering process is studied and the results are shown in Fig 9, in which the 
number of existing sintered layers below is fixed at one. The optimized dimensionless moving 
heat source intensity to achieve the same sintering depth decreases when the lower subcooling 
parameter is employed. The shape of liquid pool keeps similar when the lower subcooling 
parameter is used. At lower subcooling parameter, the initial temperature is closing to the 
melting point of the low-melting-point metal powder. The lower subcooling parameter is 
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beneficent to the sintering process since not only the moving heat source intensity needed is 
reduced but also the pre-heating time is shortened. 
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Fig. 9 Effect of subcooling number on the sintering process 

Conclusions 

A parametric study of a two-dimensional SLS process in a loose powder layer on top of 
multiple sintered metal powder layers is presented. The results showed that the optimized 
dimensionless moving heat source intensity increases with increasing scanning velocity in order 
to achieve the desired sintering depth to bond the newly sintered layer to the existing sintered 
layer. With increasing numbers of existing sintered layers below, the optimized dimensionless 
moving heat source intensity at a specific scanning velocity increases significantly. An empirical 
correlation on the dimensionless moving heat source intensity is obtained. The optimized 
dimensionless moving heat source intensity decreases when the lower subcooling parameter is 
used. 
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Nomenclature 

b 
Bi 

C 

moving heat source half width (w) 
Biot number, hb/kf^ 

dimensionless heat capacity, C" / C^ 

heat capacity, pc^ 

specific heat, {W IkgK) 

convective heat transfer coefficient, {WIrn^ K) 

latent heat of melting or solidificafion, JI kg 
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/() heat source intensity at the center of the heat source, (W/m^) 

k thermal conductivity, (W/mK) 

K dimensionless thermal conductivity, k/kf^ 
N numbers of sintered layers under the loose powder layer 
Ni dimensionless moving heat source intensity, a^ I^b /[k„ (T^ - T^)] 

Nj^ Radiation number, £(T{TI -T^fblk^ 

N, temperature ratio for radiation, T^ l{T^ -T^) 

s solid-liquid interface location {m) 
SQ location of surface ( m) 

s^, sintered depth ( w ) 

Sc subcooling parameter, C^ {T^ -T°) /(/?^h^,) 

T dimensionless temperature, (T'^ - T^) /{T^ - T^^) 

t false time (s) 
J" temperature (A[ ) 
u heat source moving velocity (m/5) 
U dimensionless heat source moving velocity, ub I a^ 

V volume (w^) 
w velocity of liquid phase {ml s) 
W dimensionless velocity of the liquid phase, wb I flr^^ 
X moving horizontal coordinate 
X dimensionless moving horizontal coordinate, xlb 
z vertical coordinate {m) 
Z dimensionless vertical coordinate, zib 

Greek symbol 

a thermal diffusivity {m^ s~^) 
5 powder layer thickness, m 
A dimensionless powder layer thickness, 5lb 
AT" one-half of phase-change temperature range (K) 
AT one-half of dimensionless phase change temperature range 
e volume fraction of gas (porosity for unsintered powder), V^ /(F^ +Vj^+V„) 

e^ emissivity of surface 

7] dimensionless solid-liquid interface location, sib 

7]Q dimensionless location of the surface, s^lb 

7]^, dimensionless sintered depth, s^, lb 

p density (^g/m^) 

O Stefan-Boltzman constant, 5.67x 10"^ Wl(m^ K'^) 

T false dimensionless time, a^^f/Z)^ 

^ volume percentage of low melting point powder, F^ l{V^ +^H) 
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Subscripts 

eff effective 
H high meking point powder 
L low mehing point powder 
m melting point 
p sintered parts 
s soHd 
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Abstract 
The ability to predict and control microstructure in laser deposited materials requires an 

understanding of the thermal conditions at the onset of solidification. The focus of this work is 
the development of thermal process maps relating solidification cooling rate and thermal gradient 
(the key parameters controlling microstructure) to laser deposition process variables (laser power 
and velocity). The approach employs the well-known Rosenthal solution for a moving point heat 
source traversing an infinite substrate. Cooling rates and thermal gradients at the onset of 
solidification are numerically extracted from the Rosenthal solution throughout the depth of the 
melt pool, and dimensionless process maps are presented for both thin-wall (2-D) and bulky (3- 
D) geometries. In addition, resuUs for both small-scale (LENS™) and large-scale (higher power) 
processes are plotted on solidification maps for predicting grain morphology in Ti-6A1-4V. 
Although the Rosenthal results neglect temperature-dependent properties and latent heat effects, 
a comparison with 2-D FEM results over a range of LENS™ process variables suggests that they 
can provide reasonable estimates of trends in solidification microstructure. The results of this 
work suggest that changes in process variables could potentially result in a grading of the 
microstructure (both grain size and morphology) throughout the depth of the deposit, and that the 
size-scale of the laser deposition process is important. 

Introduction 
Laser deposition of titanium alloys and other metallic materials is currently under 

consideration for application to aerospace components, and offers significant increases in 
efficiency and flexibility compared to conventional manufacturing methods [1]. However, the 
widespread use of this promising technology will ultimately depend on the ability to predict and 
control the microstructure and resulting mechanical properties of the deposit [2]. To date, only 
limited experimental data exists to link deposition process variables (e.g., laser power and 
velocity) to resulting microstructure (e.g., grain size and morphology) in laser deposited titanium 
alloys [3-5], and suitable microstructures have typically been obtained only by trial and error. 
The ability to predict and control microstructure in laser deposition processes requires an 
understanding of the thermal conditions at the onset of solidification, which is the focus of this 
work. 

Recent studies in the literature [6-10] have employed the Rosenthal solution [11] for a 
moving point heat source on an infinite substrate to identify the dimensionless process variables 
governing thermal conditions in laser deposition processes. In conjunction with thermal finite 
element modeling, this has enabled the development of "process maps" relating deposition 
process variables to melt pool size and residual stress in both thin-wall (2-D) and bulky (3-D) 
geometries. In the current study, a similar approach is used to investigate solidification cooling 
rates and thermal gradients (the key parameters controlling microstructure) in laser deposition 
processes.  Cooling rates and thermal gradients at the onset of solidification are numerically 
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extracted from the Rosenthal solution throughout the depth of the meh pool, and dimensionless 
process maps are developed for both thin-wall and buUcy deposits. The results are plotted on 
solidification maps for Ti-6A1-4V, which provide insight into the effects of process variables on 
grain morphology. Finally, a comparison is made between small-scale processes (e.g., LENS ) 
and large-scale (higher power) processes, several of which are under development for laser 
additive manufacturing applications. This comparison is particularly relevant in light of other 
recent investigations into the effects of size-scale on melt pool size and residual stress [12]. 

Geometries Considered 
This study considers both the thin-wall (2-D) and bulky (3-D) geometries of Fig. 1, in 

which the process variables of interest are the absorbed laser power aQ and velocity V. In each 
case, it is assumed that the height h and length L are sufficiently large such that the steady-state 
Rosenthal solution for a point heat source traversing an infinite half-space applies [11]. 

b\ 
a) b) 

Figure 1. a) Thin-Wall (2-D) and b) Bulky (3-D) Geometries Considered 

Thermal Process Maps for Thin-Wall Geometries 
The results of this section are limited to the thin-wall geometry of Fig. la. Such 

structures are commonly manufactured using LENS™ and other small-scale metal deposition 
processes. As discussed by Vasinonta et al. [8], the 2-D Rosenthal point source solution for the 
geometry of Fig. la can be expressed in dimensionless form as 

T^e' ''"KJ^^xi^ziy (1) 

where K„ is the modified Bessel function of the second kind, order zero.  The dimensionless 
variables in eq. (1) are defined in terms of the absorbed laser power aQ and velocity 7 as 

-    T-T f ^ o 
aQ/ ^^    Ik/ 

and 

^Tdd) ^pcV 
^°    2k/ 

(2) 
^pcV 

where T is the temperature at a location {x„,Zo) relative to the moving point source (see Fig. la), 
T„ is the initial temperature of the wall, b is the wall thickness, and p, c and k are the density, 
specific heat and thermal conductivity of the material, respectively. 

As previously discussed, the parameters of interest in controlling microstructure are the 
solidification cooling rate and thermal gradient. Noting that the relative coordinates {x„,Zo) at any 
time t are related to any fixed spatial coordinates {x,z) as {x„^„) - (x-W,z), expressions for the 
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dimensionless cooling rate and thermal gradient can be obtained through differentiation of eq. 
(1). In so doing, the dimensionless cooling rate and thermal gradient are defined as 

ffT_ 

di 

2j±h \ 

[aQfKV 

ffT_ |V7J = Ij^'-b 

\aQpcV ^ 
|vr|. (3) 

Values of the dimensionless cooling rate and thermal gradient at the onset of solidification are 
obtained by evaluating the corresponding derivatives of eq. (1) along the boundary of the melt 
pool. The coordinates {x„,Zo) which lie on the boundary of the melt pool are obtained by 
replacing T with the melting point r„ and finding the roots of eq. (1) numerically. The numerical 
root finding was conducted using the software package MATLAB, and results for melt pool 
length were verified against those previously published in the literature [6-10]. 

a) b) 

Figure 2. Process Maps for Solidification a) Cooling Rate and b) Thermal Gradient for Thin-Wall Geometries 

In conjunction with the dimensionless variables defined in eqs. (2) and (3), the Rosenthal 
solution enables the development of process maps for solidification cooling rate and thermal 
gradient throughout the depth of the melt pool. Such results are shown in Fig. 2, where the 
dimensionless cooling rate and thermal gradient are plotted as a function of normalized melting 
temperature f^ and relative depth within the melt pool ZoUm- The normalized melting 
temperature varies with laser power, and is defined in terms of the melting temperature T„ as 

-     T  -T 7'   _    m       o 
«(2/ 

(4) 
^jikb 

The normalized depth varies in the range O^ZglZm^^^ where z^ signifies the deepest extent of 
the melt pool for a given value of T^. 

The results of Fig. 2 indicate that for fixed material properties, changes in laser power (or 
changes in T^) can have a significant effect on the solidification cooling rate and thermal 
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gradient. When plotted on a log scale (not shown here), the results indicate that changes in laser 
power can change both the dimensionless cooking rate and thermal gradient by several orders of 
magnitude. Furthermore, for fixed values of T^ (or fixed laser power), the normalizations of eq. 
(3) indicate that the actual thermal gradient scales linearly with the laser velocity, while the 
actual cooling rate scales with the square of the velocity. Hence, changes in laser velocity can 
also have a significant effect on solidification cooling rate and thermal gradient. Finally, the 
results of Fig. 2 suggest that for fixed laser power and velocity, the cooling rate can vary 
significantly throughout the depth of the melt pool, particularly for high values of T^. On the 
other hand, the thermal gradient is more sensitive to depth within the melt pool for low values of 
f^. These results suggest that depending on the material system considered, changes in laser 
power might allow grading of the microstructure as a function of depth within the deposit. 

Thermal Process Maps for Bulky 3-D Geometries 
As discussed by Vasinonta et al. [9], the Rosenthal solution for a point heat source 

traversing the top of a bulky 3-D geometry (Fig. lb) can be expressed in dimensionless form as 

f-  V (5) 
/— 2     — 2     - 2 

2V^o   +3^0   +^0 

where 

Comparison of eqs. (6) and (2) reveals that in terms of laser deposition process variables, the 
temperature normalization for bulky 3-D geometries is different from that for thin-wall 
geometries. The 2-D normalization is a function only of laser power, while the 3-D 
normalization depends on both laser power and velocity. The dimensionless cooling rate and 
thermal gradient for bulky 3-D geometries are defined as 

K2, 
BT    ( 2k \ ( jdc \dT vr (7) 

The above definitions have a higher order velocity dependence compared to the 2-D 
normalizations of eq. (3), which is a direct result of the temperature normalization of eq. (6). 

For bulky 3-D geometries, values of the dimensionless cooling rate and thermal gradient 
at the onset of solidification are obtained by evaluating the corresponding derivates of eq. (5) 
along the boundary of the melt pool cross section in the (x,z) plane (i.e., along y^ = 0). The 
resulting process maps for solidification cooling rate and thermal gradient are plotted in Fig. 3 as 
a function of normalized melting temperature T^ and relative depth within the melt pool Zo IZm- 
Note that according to eq. (6), the dimensionless melting temperature for bulky 3-D geometries 
is defined in terms of both laser power and velocity as 
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T  = 
T -T 

["%]{ 
pcV 

(8) 

2k 

The results of Fig. 3 indicate that for fixed material properties, changes in laser power or velocity 
(or changes in f^) can have a significant effect on cooling rate and thermal gradient, and hence 
the resulting microstructure. In general, the trends are similar to those for thin-wall geometries 
(Fig. 2). However, owing to the different temperature normalizations in 2-D and 3-D, comparing 
the magnitudes of the dimensionless results in Figs. 2 and 3 can be misleading. For example, 
although the magnitudes of the dimensionless cooling rates are larger in Fig. 2a than in Fig. 3a, 
the actual cooling rate for a given laser power and velocity is greater in 3-D than in 2-D. 

dT   I 2k If- nk   W 
dt    {pcV){aQV)dt r^=(MSfe 

mnQ 
b) 

Figure 3. Process Maps for Solidification a) Cooling Rate and b) Thermal Gradient 
for Bulky (3-D) Geometries 

Solidification Maps for Ti-6A1-4V 
As discussed in [2,3], results for solidification thermal gradient and cooling rate can be 

interpreted in the context of a solidification map to provide predictions of grain morphology in 
laser-deposited Ti-6A1-4V. Given the solidification cooling rate dT/dt and thermal gradient 
G = |Vr|, the solidification velocity R is determined as 

G dt 
(9) 

The expected grain morphology can be predicted as either equiaxed, columnar or mixed by 
plotting points in G vs. R space (i.e., on the "solidification map"), which has been previously 
calibrated for Ti-6A1-4V [3]. 

Solidification maps showing the effects of laser power and velocity over a range of 
typical LENS™ process variables for thin-wall Ti-6A1-4V deposits are shown in Figures 4 and 5. 
The results of Figs. 4a and 5a have been extracted from 2-D thermal FEM analyses of a 
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particular thin-wall geometry (fc=2.26 mm, h=S.69 mm, 1=50.4 mm), as described by Klingbeil et 
al. [2]. The FEM results include temperature-dependent properties and latent heat effects for Ti- 
6A1-4V. The results of Figs. 4b and 5b are extracted directly from the Rosenthal results of Fig. 
2, with thermophysical properties for Ti-6A1-4V assumed constant at the melting temperature 
7;,=1654°C. Both the FEM and Rosenthal results assume the fraction of absorbed laser power 
to be cc=0.35. 
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Figure 4. Effect of Laser Power on Grain Morphology from a) 2-D FEM and b) 2-D Rosenthal Solution 
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Figure 5. Effect of Laser Velocity on Grain Morphology from a) 2-D FEM and b) 2-D Rosenthal Solution 

Although the Rosenthal results neglect the nonlinear effects of temperature-dependent 
properties and latent heat of transformation, trends in G vs. R data are in reasonably good 
agreement with the FEM results. In particular, both the Rosenthal and FEM results predict a 
fully columnar morphology, which is in keeping with experimental observations of LENS™ 
deposited Ti-6A1-4V [3-5]. However, results also suggest that increasing laser incident energy 
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(increasing power or decreasing velocity) tends to shift the data closer to the boundary for a 
mixed columnar/equiaxed grain morphology. 

Given the utility of the Rosenthal results for thin-wall LENS™ deposits, the approach can 
be extended to provide insight into large-scale (higher power) processes. Since wall thickness is 
an unknown function of laser power, a comparison between LENS™ and large-scale processes is 
best made for bulky 3-D geometries. Solidification maps obtained from the 3-D Rosenthal 
results throughout the depth of the meU pool are plotted in Fig. 6 for both small-scale (LENS™) 
and large-scale processes. The range of LENS™ powers is restricted to 350-850 W, while large- 
scale processes are considered in the range 5000-30000 W. In each case, the laser velocity is 
held constant at V = 8.47 mm/s, and the fraction of absorbed laser power is taken to be a=0.35. 
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Figure 6. Predicted Grain Morphology in Bulky 3-D Deposits for 

a) Small-Scale (LENS™) and b) Large-Scale Processes 

The resuhs of Fig. 6 reveal that size-scale can have a significant effect on predicted grain 
morphology in laser deposited Ti-6A1-4V. The results of Fig. 6a predict a fully columnar 
morphology over the full range of LENS™ powers, which is in keeping with experimental 
observations [3]. However, the results of Fig. 6b reveal that large-scale processes can result in a 
grading of the microstructure throughout the depth of the deposit, with a mixed or even fuUy- 
equiaxed microstructure at the surface. As observed for thin-wall deposits, the trend toward 
mixed or equiaxed microstructure increases with laser incident energy. 

Conclusions 
The ability to predict and control microstructure in laser deposited materials requires an 

understanding of the thermal conditions at the onset of solidification, which is the focus of this 
work. Based on the Rosenthal solution for a moving point heat source, process maps for 
solidification cooling rate and thermal gradient are presented as a function of deposition process 
variables and depth within the deposit. The results of this work suggest that variations in laser 
power and velocity can change solidification cooling rates and thermal gradients by several 
orders of magnitude, which depending on the material system could have a significant effect on 
resulting microstructure and mechanical properties.   Results specifically for Ti-6A1-4V suggest 
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that increases in laser incident energy could potentially yield a mixed or even fuUy-equiaxed 
micfostructure near the surface of the deposit, and that the size-scale of the process is important. 
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Abstract 
The physical model describing heat transfer and melting taking place during and after the 

interaction of a laser beam with a semi-infinite metal surface is based on the classical Stefan 
problem with appropriately chosen boundary conditions to reflect direct selective laser sintering 
of metals. A level set method for solving this problem is presented in this paper. From the results 
of these computations, we obtain time evolution of solid-liquid interface and temperature 
distribution. 

INTRODUCTION 
Direct selective laser sintering of metals [1] is a process in which a high-energy laser 

beam directly consolidates a metal powder or powder mixture to fiill density. Direct selective 
laser sintering of metals is a complex process exhibiting muhiple modes of heat, mass and 
momentum transfer, and chemical reaction mechanisms. Among them, melting and 
resolidification processes in direct SLS can have significant effect on the temperature 
distribution, residual stress, and final microstructure quality of the parts. The inherent complexity 
of this process imposes serious constraints on the complexity of the models that can be 
constructed to enable a fundamental understanding of the important physical mechanisms in SLS. 
This understanding is essential to implement effective process control [2]. 

There are numerous previous studies for understanding this kind of phase change 
problem involving moving boundaries. Above all, tracking the motion of a moving front has 
been of great interest for many researchers. In this paper, a convenient scheme to track moving 
interfaces using level set theory is extended to the analysis of the Stefan problem. This level set 
formulation is based on front capturing. In this formulation, the boundary of solid-liquid 
interface is modeled as the zero set of a smooth function ^ defined on the entire physical domain. 
The boundary is then updated by solving a nonlinear equation of the Hamilton-Jacobi type on the 
whole domain. This level set formulation of the moving interface was introduced by Osher and 
Sethian [3] and was capable of computing geometric properties of highly complicated boundaries 
without explicitly tracking the interface [4]. Equation 1 is the level set equation given by Osher 
and Sethian. For certain forms of the speed fiinction F, one obtains a standard Hamilton-Jacobi 
equation. Equation 1 describes the time evolution of the level set function ^ in such a way that 
the zero level set of this evolving fimction is always identified with the propagating interface 
shown in Fig. 1 [5]. 

^,+F\V^\ = 0 (1) 

given ^{x,t = 0) 
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Fig. 1 Transformation of front motion into initial value problem 

PHYSICAL MODEL 3 
In this paper, an axisymmertic heat conduction model with phase change in a 5 mm solid 

is considered. Heat flux from a laser flows in through the top surface during heat up while the 
other sides are assumed insulated. If heating continues long enough, melting commences and the 
meh interface moves inward. On the other hand, heat is lost from the top surface only by 
radiation. The following assumptions are made for developing the model. 

• Powder is treated as a solid and no sintering densification occurs during the process. 
• Laser beam intensity distribution is uniform across the beam diameter. 
• Material properties are independent of temperature in both solid and liquid state. 
• No convective heat transfer at top surface (process occurs in a vacuum). 
• No melt pool convection, no convective heat transfer at melt interface. 
• No evaporative heat loss and no evaporative mass transfer at top surface. 
• Top surface is diffuse and gray. 

The governing equations are 

— k— + — 
dx\   dx J   dy 

k—\ +—\k—\ + q = pc,— 
\ dy)   dz\   dz 

(2) 

with boundary conditions on the top surface 

-k^ = a^q"+sa(T:-T') 
on 

and Stefan condition 

dn 
-k, 

dn 
= pVJl 

(3) 

(4) 

NUMERICAL SCHEME AND EXPERIMENTAL PARAMETERS 
There are a few widely used methods for phase change problems such as enthalpy 

methods, temperature based equivalent heat capacity methods and front tracking schemes. Each 
method has some disadvantages as well as some advantages. In this paper, level set method 
based on the finite elements method was developed. For solving this problem, commercial 
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software, FEMLAB (by COMSOL) was used. FEMLAB can model virtually any physical 
phenomena described by partial differential equations (PDEs) including heat transfer, fluid flow, 
electromagnetics and structural mechanics. FEMLAB also allows users to couple these various 
transport processes and reactions running simulations on all of them simultaneously [6]. 

To deal with the discontinuity of material properties from solid to liquid, we introduced the 
Heaviside (step) function in our model [7]. 

fO if(l>< -S 

H = 
^ + S    sm(7T^/S) 

28 In 
1 

if\^\<5 (5) 

Using this function, material properties are defined as following. 

C,=C^,+{C^,-C^,)H{^) 

k = k,+{k^-k,)H(^) 

(6) 

(7) 

(8) 

Other parameters values used for the computations are shown in table 1. 

Domain size 
Number of 
Elements 

Time step Laser beam diameter Laser beam power 

5 x5x5 mm^ 3048 1 X lO"* sec 200 um IkW. 
Table 1: Parameters used for numerical computations 

Figure 2 shows mesh structure used for the computations. 
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Fig. 2 Mesh structure 

RESULTS AND DISCUSSION 
Figure 3 and 4 show initial location of solid-liquid interface and temperature distribution. 

As shown in Fig. 3, zero level set of function which indicates solid-liquid interface is assigned 
initially as top surface. 
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Fig. 4 Temperature distribution at t = 0 sec 

As time goes on and heat flux continues to be supplied, the location of solid-liquid 
interface penetrates deeper and diffuses out axially. Figure 5 and 6 show this phenomenon which 
can be expected. 

Tmno^OCl CeWour cwic*«t'n(*OBatj!ht?{j!hW 

Fig. 5 Location of solid-liquid interface at t = 0.001 sec 
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Fig. 6 Location of solid-liquid interface at t = 0.01 sec 

Figure 7 and 8 show temperature distribution at corresponding time respectively. Here 
the peak temperature is far in excess of melting temperature. This is likely a result of not 
including the effect of latent heat of vaporization. 

..o' 

\           \           I           'i       . .1 

\ i  

= .■■.■.-..■■p.-.-.. 1^M::J  
1 i  ■■■! ; '. f i 

Fig. 7 Temperature distribution at t = 0.001 sec 
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Fig. 8 Temperature distribution at t = 0.01 sec 
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From this simulation, we proved that the level set method is a useful method for phase 
change problems. The model presented in this paper will be extended to solidification process for 
tracking the solid-liquid interface location. Further, we can use an additional level set function to 
simulate surface deformation due to fluid flow from surface tension gradients simultaneously. 
Future work will include level set re-initialization process to get more accurate results. Re- 
initialization is a preferable method to avoid steep or flat gradients developed in the level set 
function ^. The level set function has to keep the exact signed distance from the evolving 
interfaces. By adding this process, we can acquire more accurate and smoother deformed surface 
as well as solid-liquid interface. 

2. 

3. 
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NOMENCLATURE 
Symbols 
Cp  = specific heat (J/kgK) 
t    = time (sec) 
k   = thermal conductivity (W/mK) 
q" = heat flux (WW) 
H  = Heaviside fiinction 
T   = temperature (K) 
X   = Cartesian coordinate (m) 
y    = Cartesian coordinate (m) 
z = Cartesian coordinate (m) 

Greek Letters 
tta = absorptivity of surface 
a = thermal diffusivity (m^/s) 
B = emissivity of surface 
8 = small value 
"k = latent heat of fusion (kJ/kg) 
p = density (kg/m ) 
a = Stefan-Boltzmann constant 
(j) = level set function 
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Abstract 

A three-dimensional thermal finite element model including the effect of the powder-to- 
solid transition has been developed to investigate the transient temperature distribution during 
laser densification of dental powder bed for the layer-by-layer fabrication. The model 
encompasses the effects of the temperature- and porosity-dependent thermal conduction and 
radiation as well as the temperature-dependent natural convection. The simulation result is 
compared with the experiments which establish the temperature dependence of the dental 
porcelain microstructure and utilize this dependence to construct the temperature distribution 
profile. It is found that the trend of the simulation result matches the experiments very well. 

Keywords: Dental restoration, Laser processing. Finite element modeling. Thermal analyses. 
Powder melting and solidification. 

I. Introduction 

Solid freeform fabrication (SFF) is an automated manufacturing process that builds three- 
dimensional complex-shaped structures layer-by-layer directly from CAD data [1]. The recent 
advancement of SFF has led to a multi-material laser densification (MMLD) process for dental 
restoration [2-4]. Through this approach artificial teeth are expected to be fabricated from a 
computer model without part-specific tooling and human intervention, thereby offering the 
potential to reduce the labor cost and increase the restoration rate. However, as the densification 
of the dental porcelain powder is accomplished via a laser beam, an understanding of the 
temperature distribution in the laser-assisted densification process is necessary in order to 
understand the phase transformation and microstructural evolution of the dental porcelain 
powder during laser densification. The understanding developed will provide the guideline to 
optimize the laser processing condition so that the microstructure and thus the mechanical 
properties of the laser-densified bodies are similar to those obtained via traditional furnace 
annealing process. The approach of finite element modeling (FEM) has been taken in this study 
to investigate the temperature distribution during laser densification. The FEM approach is 
necessary because the relative density of the workpiece changes continuously with time during 
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laser densification until it reaches near full density. As a result, the thermal conductivity of the 
workpiece also changes continuously. Thus, the transient temperature field of the workpiece is 
too complex to calculate using analytical methods, and numerical simulation becomes necessary. 

Many numerical modeling efforts have been carried out to investigate the temperature 
field in various SFF processes [5-22]. However, they are not suitable for the laser-assisted dental 
restoration process which requires the numerical models to encompass at least the effects of the 
powder-to-solid transition, laser power density, closed-loop temperature control, temperature- 
dependent thermal convection, and temperature- and porosity-dependent thermal conduction and 
radiation. Most of the existing SFF models (e.g., Refs. 5 - 22) are not so sophisticated. 
Therefore, in this study we have developed a model that includes (i) a coupled-filed analysis 
between temperature and porosity fields, (ii) the incoming laser beam power, with Gaussian 
distribution, (iii) the optical pyrometer simulation in addition to the closed-loop temperature 
control, (iv) powder-to-solid transition, (v) temperature-dependent thermal convection, and (vi) 
temperature- and porosity-dependent thermal conduction and radiation. The results from the 
numerical simulation have been compared with experiments and found to match the 
experimental measurements quite well. 

II. Model Description 

The model developed is shown in Figure 1 and consists of a dental porcelain powder 
compact with a dimension of 10mm length, 6mm width and 2mm height before laser 
densification. In simulation the laser beam is modeled as a heat flux, Q, with a Gaussian power 
distribution as an incoming heat source, which moves at a constant rate (240 jim/s) along the X- 
axis as shown in Figure 1. The heat losses from the six surfaces of the model are assumed to 
result from thermal natural convection and the radiation. The dental porcelain powder is 
composed of 63.40% SiOa, 16.70% AI2O3, 1.50% CaO, 0.80% MgO, 3.41% NajO, and 14.19% 
K2O (wt%>). The material thermal properties for the dense solid porcelain used in the model are 
summarized in Table 1. The dental porcelain is assumed to be at a molten state above 1073K 
(lOOK higher than the lower temperature of the forming temperature range of the porcelain) and 
no volume shrinkage is considered when powder porcelain converts to dense porcelain. 

The modeling is carried out using the ANSYS commercial finite element package. The 
thermal element (Solid70), which has eight nodes with a single degree of freedom (i.e., 
temperature) at each node and has a 3D thermal-conduction capability, is used to simulate the 
temperature field [23]. Each element near the surface has a size of 0.25 mm length, 0.25 mm 
width and 0.2 mm height. The model is first used to calculate the temperature distribution in the 
powder bed within a small time step resulting from the heating of a laser beam moving at a 
constant rate along the X-axis. The powder elements convert to dense mohen elements if their 
temperatures are higher than 1073K according to the calculated temperature field, and the 
temperature distribution in the powder bed within the next small time step is calculated using the 
updated material properties. This simulation loop continues until the total amount of the small 
time steps, which is decided by the laser scanning rate, is reached, and then the laser beam moves 
stepwise by one element to carry out the next simulation loop. The substrate preheafing is 
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achieved in the simulation by assigning an elevated temperature (460*'C) as the nodal 
temperature of the bottom surface. 

Heat Flux Scanning 
Rate Radiation     Convection 

Y 

Powder Bed 

Figure 1. Finite element model developed to simulate the temperature field during laser densification of 
the dental porcelain body. 

Table 1. Summary of Thermal Properties of Dental Porcelain [24 - 28] 

r(K) 300 520 631       700 830 960      1173 1373     1540     1726     1730 1800 

k (W/m-K) 
Cp (J/kg-K) 
a(10-*/K) 
E (GPa) 

e 
p(kg/m^) 

/-.(K) 
7>(K) 

V 

1.11 
742 
2.80 
70 

1.37 
1025 
3.36 
55.6 

1.55      1.67 
1125     1178 
3.87      4.27 
48.4      43.9 

1.93 
1266 
5.25 
35.4 

2.23      2.82 
1341      1444 
6.54      9.43 
26.9       — 

0.7 
2520 
1573 

973tol273 
0.2 

2.82      2.82      2.82      2.82 
1474     1474     1474     1474 
9.43      9.43      9.43      9.43 

2.82 
1474 
9.43 

*r-Temperature, /:-Thermal Conductivity, Cp-\ 
Modulus, e -Emissivity, p -Density, T^ - Melting 

Specific Heat, a-Thenr 
Temperature, Tf - Formi 

lal Expansion Coefficient, E -  Elastic 
ng temperature, v -Poisson's Ratio. 

The thermal properties of the powder bed are a strong function of the porosity of the 
powder bed. It is assumed that the porosity of the powder bed is temperature independent before 
the powder becomes liquid. This is a reasonable assumption because the reduction in porosity 
due to solid-state sintering is minimal under the present laser densification condition which 
brings the local temperature of the area irradiated by the laser beam to above the forming 
temperature of the porcelain in less than 6 seconds. For the region outside the irradiated area, the 
time for the region to expose to high temperatures is also relatively short (less than 100 seconds) 
because of the scanning rate used. Furthermore, the temperature at the region outside the 
irradiated area is also relatively low because of the low thermal conductivity of the powder 
compact. As such, the porosity of material has been simplified in two levels, that is, the initial 
porosity cpo before the powder converts to liquid, and zero porosity (fully dense) after the powder 
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has converted to liquid. The thermal properties of the powder bed, therefore, are treated as a 
function of temperature and the initial porosity q)o. The details of these functions and thermal 
boundary conditions can be found in a recent paper [21] and described briefly as follows. 

A. Thermal Conductivity of the Powder Bed 
Effective thermal conductivity of the powder bed, k, is estimated by Equation (1) with the 

assumption that the particles are spheres and there is no flattening of contact surfaces [29]. 

(Po^r = (i-Vi^)a-^^)+Vi^ <Pc 

\ 

1 

k,. 

-In 

\-^ 

\ \ 

-1 

I 

(1) 

Where, kf and ks are the thermal conductivities of the ambient air and solid particle, 
respectively; K is the thermal conductivity portion of the powder bed due to radiation among 
particles and equals to [29,30] 

k, = AFc/r'x^ (2) 

where a is the Stefan-Boltzmann constant, Xr is the average diameter of the powder particles, T'ls 
the temperature of powder particles, and F is a view factor which is approximately taken as 1/3 
[30]. 

B. Thermal Radiation of the Powder Bed 
The emissivity of the powder bed, e, is obtained by 

e =A„e„ +(l-^;/)e^ (3) 

where, AH is the area fraction of the surface that is occupied by the radiation-emitting holes, e^^ 
and BH are the emissivities of solid particle and hole, respectively. For a powder bed composed of 
randomly packed, single-sized spheres. AH and BH are given by [31] 

A„ = 
0.908(po^ 

and 

£// = 

1.908(Po  -2(Po+l 

2 + 3.082(^'—^)' 

(4) 

l + 3.082( l-<Poy 

9'o 

(5) 

+ 1 

C Thermal Convection around the Powder Bed 
The heat transfer coefficient, K, is temperature and size dependent [32] 
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# 

where L is the characteristic length of the specimen, A^„ is the Nusseh number, and kf is the 
thermal conductivity of the fluid as defined before. A',, is given by [33] 

V^=V^+ 
,1/6 

G,P,/300 

(l + i0.5/P,)"'T" 
(7) 

when 10"^ < G, P. < 4xl0'^ 0.022 < P, < 7640, and iV„o = 0.67 for a plate [33].   G, and P, in 

Equation (7) are Grashof and Prandtl numbers, respectively [32]. 

^^^^iVMLzZ^ (8) 

and 

P=^^ (9) 

where g is the gravitational acceleration, p/ is the density of the ambient air, j8/ is the thermal 
volumetric expansivity and /3/ = 1/ 7/ for idea gases, rjf is the viscosity of the air, Cp is the 
specific heat of the air. The effect of the variation of air properties with temperature is evaluated 
at Tf= 0.5{T+Tamb), where T is the surface temperature of the powder bed, Tamb is the ambient 
temperature [32]. 

D. Thermal Boundary Conditions for Powder, Liquid and Solid 
The part being built is assumed to be in contact with air and the heat loss through air is 

approximated through the natural thermal convection and thermal radiation between the part and 
the ambient air. Since the model includes three kinds of material status (i.e., powder, liquid and 
solid), the thermal boundary conditions are very complicated and vary with porosity, phase status 
and surface temperature which is the function of incident laser power and laser scanning rate. 
Under the assumption of little convection of liquid within the mohen pool due to its small size (~ 
2 mm), liquid and solid have been assumed to have the same thermal convection boundary as the 
powder bed, i.e., thermal convection around the surface of liquid pool and solid is determined by 
the temperatures of the ambient air and the liquid and solid under consideration [see eqs. (6-9)]. 
Heat loss qr due to radiation of solid and liquid is described by [32] 

q, = ore, i['-Lj] (10) 
where T is the surface temperature of solid and liquid, and ES is the emissivity of the dense 
porcelain, Tamb is the ambient temperature, and a is the Stefan-Boltzmaim constant. 
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The model of a moving Gaussian distribution laser beam, pyrometer temperature 
simulation, closed-loop temperature control of the laser power are described in detail in the paper 
[20] and is described as follows. 

E. Heat Input 
The heat flux of the laser beam, Q, is related to the power of the laser beam, P, through 

the following relation [34]: 

Q=^e^ (11) 

where a^ is the absorptivity of the workpiece, r^ is the radius of the laser beam at which the heat 

flux value is e"^ times of that of the laser beam center, and r is the distance of a point on the 
surface of the powder bed measured from the laser beam center. When the center of the laser 
beam scans the surface of the powder bed from the starting point (Xo, Yo, ZQ) to (X, Yo, Zo) point 
along the positive X-direction with a constant velocity Ffor a period time t, r is given by 

r^={X-X,-Vtf^-{Z-Z,f (12) 

In the present study, the radius of the incident laser beam, r^, is 0.5 mm, the laser 

scanning velocity, V, is 0.24 mm/s. The absorptivity of the dental porcelain workpiece, a^, was 

varied in the simulation, and a value of 0.41 was needed for the simulated laser input power to 
match the experimental values. This absorptivity value is comparable with experimental scatter 
for measured values of a^ for sintered SiC near the processing temperatures used here [35]. 

F. Pyrometer Simulation 
In laser-densification experiments, an optical pyrometer continually monitors the 

temperature distribution at the surface of the powder bed during laser densification. This 
pyrometer temperature is used as the feedback signal in a closed-loop control program to adjust 
the incident laser power as needed to achieve a desired constant laser spot temperature. In the 
simulation, the pyrometer temperature measurement and the closed-loop control process are 
modeled as follows. 

The power, E, of the thermal radiation emitted by the laser-heated workpiece that reaches 
the pyrometer can be expressed by [35] 

E=p{K,T)hMA (13) 

where A is the wavelength of the emitted radiation , AA is the wavelength band of the emitted 
radiation that is sampled by the pyrometer, T is the temperature at a very small area dA through 
which the radiation passes to reach the pyrometer, termed the pyrometer sampling area hereafter, 
I{k,T) is the spectral distribution of blackbody emissive power and given by Planck's radiation 

law [36]: 
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/(A,r) = Inhc^ 
I   "'' 

(14) 
,Mr -1 

where h is Planck's constant, c is the speed of light, and o is Stefan-Boltzmann constant. 
Because of the Gaussian heat input and movement of the laser beam, the surface temperature, T, 
within the pyrometer sampling area is not uniform, and neither is /(A, T). Thus, to carry out the 
integration of equation (13), approximations are made by dividing the sampling area into n small 
areas and assuming that T and / are constant within each small area. With these assumptions, 
equation (13) is reduced to 

£ = y/(A,7^)AAA^, (15) 

where Ti is the surface temperature of the area AAj and n is the number of the small areas within 
the pyrometer sampling area, Ap. To further simplify the computation, it is assumed that every 
AAi has the same area, and thus 

Ap = nM, (16) 

and equation (15) becomes 

E = AXAA^ I{k,T,) I (17) 

To relate the thermal radiation power collected by the pyrometer to the pyrometer 
temperature reading, an effective temperature, Teff, is introduced as 

£ = AAA^,«/(A,7;^) (18) 

Combining equations (14), (17) and (18), it has 

he 
r„. = 

/ 

ACT In \ + n/^ 

(19) 

G. Closed-Loop Temperature Control 
Teff in Equation (13) is the effective (nominal) surface temperature of the workpiece as 

measured by the pyrometer for a given incident laser power. If Teff differs from the desired laser 
spot temperature, Tp, then the incident laser power is adjusted accordingly to simulate the closed- 
loop temperature control in the experiment. This is achieved in the simulation by adjusting the 
laser power from one simulation step to the next using the following equation 
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T 
P y = P-^^ 

'■eff 

(20) 

where P, and P,+/ are the incident laser power in the simulation steps i and i+1, respectively. It 
can be found that this equation allows the surface temperature of the workpiece, Teff, to quickly 
approach the desired laser spot temperature, reproducing in the simulation the closed-loop 
temperature control process used in the experiments. 

III. Comparison between Simulation and Experimental Results 

One of the key criteria for validating the model is to check whether the model can 
achieve a constant pyrometer temperature (i.e., a constant temperature on the surface of the 
powder bed) by continuously adjusting the laser input power. Figures 2 and 3 show the 
comparison between the experimental and simulated pyrometer temperature as a function of the 
location of the scanning laser beam with a nominal surface temperature of 900 and 1050 C, 
respectively. It can be seen that the variations in temperature are less than 4% of the desired 
pyrometer temperatures for all four nominal surface temperatures modeled, which indicates that 
the closed-loop temperature control in experiments can be simulated with the present model. 
Furthermore, the pyrometer temperatures achieved by simulations and experiments match quite 
well. 

"   1200 

2 3 4 

Location of laser beam (mm) 

Figure 2. Comparison between the experimental and simulated values of the pyrometer temperature as a 
function of the location of the scanning laser beam with a nominal surface temperature of 900 C and 
substrate preheating to 460°C. 

The model established is utilized to predict the temperature distribution in the porcelain 
body during laser densification. Figure 4 show the simulation resuh with a nominal surface 
temperature of 1050°C and substrate preheating of 460V. It is quite clear that the temperature 
distribution obtained is consistent with the expectation that the highest temperature is located at 
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the center of the scanning laser beam and the temperature gradually decreases as the location 
moves away from the center in all directions within the porcelain body. More importantly, when 
compared with the experimental result (Figure 5), it is found that the predicted temperature 
distribution pattern matches the measurement quite well. Furthermore, the temperature range 
predicted also matches the measurement reasonably well. However, a direct comparison of the 
temperature value between the simulation and experiment is not possible at this stage because of 
the different laser densification conditions used in Figures 4 and 5. The work on simulations with 
the identical laser densification condition as the experiment is currently under way and will be 
published in a forthcoming paper [37]. 

at-aMs « IS jiji -^-is- » » as Ki » 18 ft 

-^—Simulation 

-^K— Experiment 

-t- 

2 3 4 

Location of laser beam (mm) 

Figure 3. Comparison between the experimental and simulated values of the pyrometer temperature as a 
function of the location of the scanning laser beam with a nominal surface temperature of 1050"C and 
substrate preheating to 460 C. 

Temperature Distribution (K) 

570.399 808.049 1046 1283 1521 
689.224 926.874 1165 1402 1640 

Figure 4. Temperature distribution in the powder bed at the cross section of x = 6.75mm when the laser 
beam scans to this location with a nominal surface temperature of lOSO^C and substrate preheating to 
460°C. 
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Figure 5. Temperature distribution at the cross section of a porcelain body perpendicular to the laser scan 
direction during laser densification with a nominal surface temperature of 1100 C and substrate 
preheating of 400V [37]. 

IV. Conclusions and Remarks 

A 3D finite element model that encompasses the effects of the powder-to-solid transition, 
laser power density, closed-loop temperature control, temperature- and porosity-dependent 
thermal conduction and radiation as well as the temperature-dependent natural thermal 
convection has been developed to carry out the thermal analysis of laser-densified dental 
porcelain bodies. The temperature distribution in the porcelain body during laser densification 
has been simulated using this model and is compared with the experiment. The results predicted 
by the model matches the experiment well, and the model will be used in the future to provide 
guidance for selecting laser processing conditions to obtain the desired microstructure and 
geometry of the dense body. This is the first comprehensive model that includes all key 
parameters in laser densification of powder lines. The model can be extended to simulate many 
other laser materials processing methods that require consideration of phase transformations, 
closed loop temperature control, and heat transfer. 
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ABSTRACT 
The laser metal deposition process is a rapid manufacturing operation capable of producing 
functional prototypes with complex geometries and thin sections. This process inherently 
contains significant uncertainties and, therefore, extensive experimentation must be performed to 
determine suitable process parameters. An alternative is to directly control the process on-line 
using feedback control methodologies. In this paper, a nonlinear control strategy based on 
feedback linearization is created to automatically regulate the bead morphology and melt pool 
temperature. Extensive simulation studies are conducted to validate the control strategy. 

INTRODUCTION 
Laser Metal Deposition (LMD) is a novel layered manufacturing process. A laser melts metal 
powder (or a wire) to form a molten pool, which quickly solidifies and forms a track. This 
layered manufacturing process may be used to create functional prototypes and functional 
gradient material (FGM) metal parts. Also, parts may be repaired using the LMD process, thus, 
reducing scrap and extending product service life. Extensive experimentation is required to 
determine suitable process parameters and only near-net shape parts may be produced. 
Subsequent processing is required if dimensional accuracy is critical. Further, due to the 
variability in the LMD process, constant process parameters will often not guarantee the part will 
meet quality specifications in terms of mechanical properties (e.g., hardness, porosity). This 
variability is due to uncertainties in the process itself (e.g., changes in conduction as the part 
geometry changes) and from inherent disturbances (e.g., acceleration/deceleration of the table 
axes). This paper investigates the viability of nonlinear process controllers to regulate the melt 
pool temperature and track morphology. 

Mazumder et al. (1999) described the application of multiple sensors for closed-loop feedback 
control of the bead height. The height controller shuts off the laser until it passes the excess built 
up region, thus preventing the powder fi-om melting. Doumanidis and Skoredii (2000) 
established a dynamic distributed parameter model with in-process parameter identification to 
generate a three-dimensional surface geometry. Geometric predictions were made by a real-time 
model. A controller was designed to regulate the part geometry taking advantage of these 
predictions. Morgan et al. (1997) controlled the laser focal point and melt pool temperature and 
Li et al. (1987a) developed an in-process laser control loop, which is based on an algorithm 
involving tune currents. The later system used a microprocessor based in-process beam control 
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unit using beam sensing via a Laser Beam Analyzer (LBA). Koomsap et al. (2001) presented a 
simulation-based design of a laser based, free-forming process controller. A simplified model 
called a metamodel was introduced to express the relationship between process characteristics 
and three process parameters: laser power, traverse speed, and powder feedrate. A dynamic 
metamodel was obtained and a temperature feedback controller was used to regulate the process. 
Derouet et al. (1997) measured the melt pool profile and maximum temperature and correlated 
this data with the melt pool depth. Using laser power and traverse speed, the mek pool depth was 
regulated at a constant value with a proportional plus integral plus derivative (PID) controller. Li 
et al. (1987b) developed a real time expert system and a laser cladding control system to 
determine the optimal operating conditions for a given requirement and for online fault diagnosis 
and correction. Fang et al. (1999) adjusted process parameters from layer-to-layer to 
compensate for defects using statistical process control techniques. Munjuluri et al. (2000) 
conducted simulation studies to regulate the bead profile and dilution. 

These studies indicate that the quality of the laser metal deposition process may be regulated 
with process control technologies; however, comprehensive, systematic control strategies that 
account for the inherent process nonlinearities are still lacking. 

PROCESS MODELING 
The process model used in this paper is based on the model given by Doumanidis and Kwak 
(2001). Performing a mass balance of the mek pool 

pV{t) = -pA(t)v(t) + ^i„m{t) (1) 

where p is the material density (kg/m) and is assumed to be constant, V is the bead volume (m ), 
A is the cross sectional area in the direction of deposition (nP'), v is the table velocity in the 
direction of deposition (m/s), (im is the powder catchment efficiency, and m is the powder flow 
rate (kg/s). The volume and cross sectional area in the direction of deposition, respectively, are 
given by 

F(0 = |w(/)MO/(0 (2) 

where w is the bead width (m), h is the bead height (m), and / is the bead length (m). Performing 
a momentum balance of the melt pool in the direction of deposition 

pV{t)v{t)+pV(t)v(t)=p'^w(t)h(ty{t) + [\-cos(Q)][ya,-ys,M) (4) 

where 9 is the wetting angle (rad), JGL is the gas to liquid surface tension parameter, and ysi is 
the solid to liquid surface tension parameter. Performing an energy balance of the melt pool 

pc,f(r)r(0+pF(r)[c,(7;-ro)+;;,,+c,(r(r)-7;)] = -p^>v(0M0H0^.(^.-^o)+ 
(5) 

where T is the average melt pool temperature (K), Cs is the solid material specific heat {J/{kgK)), 
Tm is the melting temperature (K), To is the ambient temperature (K), hsi is the specific latent 
heat of fusion-solidification (J/kg), ci is the molten material specific heat (J/(kgK)), ^ig is the 
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laser efficiency, Q is the laser power {W), a^ is the convection coefficient (W/m^K), ac is the heat 
transfer coefficient (W/m^K), e is the surface emissivity, and a is the Stefan-Boltzmann constant 
{WlmK^). Using the steady-state solution for the conductive temperature distribution in a 
material subjected to an energy source moving at a constant velocity, the bead width-length 
relationship at the average temperature is given by the following elliptical relationship 

,(0=.(0.o..s^ .,. x(0=..[4) ,-^^ 
where k is the thermal conductivity constant (W/(mK)). The steady-state and dynamic numerical 
solution to equations (1), (2), and (4)-(6) is addressed in Boddu et al. (2003). 

(6) 

DESIGN OF FEEDBACK LINEARIZATION CONTROLLERS 
Two LMD process controllers, based on feedback linearization, are presented in this section. The 
first controller is utilized to regulate the track width. Combining equations (1H3) 

V{t) = -^-^V(ty^m(t) = f,-vg,m(t) (7) 

The state variable is track volume and the input variable is powder mass flow rate. The output 
equation is 

While the state equation is linear in the state variable, the system has time-varying parameters 
that are known and, thus, may be canceled. Therefore, a feedback linearization control scheme is 

utilized. Since -^g, 9^ 0, the system has a relative degree of one and the following control law 

may be used 
«h-M^t^ (9) 

where Wr is the reference track width (m) and a\ is the controller parameter {s '). The control law 
in equation (9) cancels the time-varying dynamics and replaces them with first-order, time- 
invariant linear dynamics. The closed-loop system now has a time constant of a , which may be 
selected by the designer. 

The second LMD process controller is utilized to regulate the melt pool temperature. Combining 
equations (1) and (5), the temperature nonlinear state equation is 

The state variable is melt pool temperature and the input variable is laser power. The output 
equation is 
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y2(t) = T(t) (11) 
The state equation is highly nonUnear and has time-varying parameters that are known and, thus, 

may be canceled. A feedback linearization control scheme is again utilized. Since ——82 ^^> 
01 

the system has a relative degree of one and the following control law may be used 

,,    b\T-T{t)\-fi 
Q(t) = -^ UUL (12) 

Si 

where Tr is the reference melt pool temperature (AT) and b is the controller parameter {s'^). Again, 
the control law in equation (12) has canceled the time-varying dynamics and replaced them with 
first-order, time-invariant linear dynamics and the closed-loop system has a time constant given 
by Z)~', which may be selected by the designer. 

SIMULATION STUDIES 
A series of simulations are now conducted to analyze the feedback linearization controllers. The 
following parameters are taken from Doumanidis and Kwak (2001): p = 7200 kglm , \Xm = 0.92, 
liQ = 0.58, To = 292 K,e = 90°, a = 780 J/(kgK), hsi = 2.45*10^ J/kg, Tm = 1673 K, a, = 183 
W/(m^K), G = 5.67*10"^ WI{m^I^), ag = 24 WI{m^K), and s = 0.53. To achieve the same 
simulation results presented in Doumanidis and Kwak (2001), the following parameters were 
found by trial and error: k = 6.5 WI{mK), ycL-JsL = -0.00036, Cs = 1250 J/ikgK), 

The reference bead width is 4.5 mm and the reference melt pool temperature is 1773 K for all the 
simulations. In the first three simulations, the bead width controller given by equation (9) is 
implemented for three different values of the parameter a, the laser power is 1200 W, and the 
table velocity is 5 mm/s. The results are shown in Figures 1-3. For a = 0.2 and 0.5, the powder 
flow rate was decreased to perfectly track the reference bead width. As expected, the speed of 
response was smaller for the larger controller gain. However, for a = 1, the controller was 
unstable. The powder mass flow rate increased exponentially, the bead width went towards zero, 
and the bead height became unreasonably large. In the simulation, the minimum melt pool 
temperature is the ambient temperature since the LMD system cannot take energy out of the melt 
pool. The results demonstrate that the speed of response cannot be arbitrarily small. Also, it is 
interesting to note that the reference temperature was not tracked. This is to be expected since an 
arbitrary value of laser power was selected. 

The next set of simulations are shown in Figures 4-6 where the meh pool temperature controller, 
given by equation (12), is implemented for b = 0.2, 0.5, and 24, respectively. The powder flow 
rate and the table velocity are constant values of 25 g/min and 5 mm/s, respectively. Again, the 
reference melt pool temperature was tracked in the steady-state and the speed of response 
decreased as the controller gain increased. However, the speed of response is limited as the 
system went unstable for b = 25 (not shown). Again, the reference bead width is not tracked 
since the powder flow rate was an arbitrary value. 

In the next set of simulations, shown in Figures 7 and 8, the bead width controller and the meh 
pool temperature controller are implemented simultaneously. In the first simulation, a = b = 0.5 
and the table velocity is a constant 5 mm/s. In the next simulation, a = b = 0.2, the table is 
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accelerated for part of the period, and the table is decelerated for part of the period. The exact 
table velocity and acceleration profiles are shown in Figure 8. Note that in implementation, the 
powder flow rate is calculated first since the laser power needs this value in its calculation. The 
controllers, when utilized together, are able to simultaneously regulate the bead width and meh 
pool temperature. The entire effect of the table acceleration does not appear in the differential 
equations and, thus, is not completely taken into account by either controller. However, the 
controllers are able to maintain the desired references after the table reaches a new constant 
velocity. Also, the table acceleration is seen to have much more impact on the bead dimensions 
than on the melt pool temperature. 

SUMMARY, CONCLUSIONS, AND FUTURE WORK 
This paper presented a nonlinear, multivariable control method to regulate the bead width and 
melt pool temperature in an LMD process. The controllers were applied to a simulation of the 
LMD process. The results demonstrate that the bead width and meh pool temperature can be 
regulated simultaneously, but there is a limitation on the closed-loop system's speed of response. 
If the controller gain is too large, instability will occur. Also, it was shown that table acceleration 
had a dramatic effect on the bead dimensions but not the melt pool temperature. Future work will 
be to validate the controllers experimentally and analytically determine their stability limits. 
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Figure 1: Bead Width Control with a = 0.2. 
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Figure 2: Bead Width Control with a = 0.5. 
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Figure 3: Bead Width Control with a = 1. 
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Figure 4: Melt Pool Temperature Control with b = 0.2. 
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Figure 5: Melt Fool Temperature Control with b = 0.5. 
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Figure 7: Temperature and Bead Width Control with Constant Table Velocity (a = 6 = 0.5). 
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Aostract 
Lasers play a vital role in producing parts with high dimensional accuracy, strength and 

quality in today's rapid prototyping industry. In the process of Laser Metal Deposition, many 
problems are encountered where the part quality does not meet the required standards. This could 
be due to the nonconformity of control parameters or unnecessary interactions between the 
control factors. This paper discusses the implementation of Dr. Genichi Taguchi's optimization 
techniques using Design of Experiments (DOE) where a series of fractional factorial experiments 
are performed on the laser deposition process. The results from these experiments are evaluated 
with respect to the rate of deposition alongside the part quality and the optimized level setting of 
control parameters are determined efficiently. This tool can be used to detect and diagnose flaws 
and discrepancies in the Laser Metal Deposition process and optimize it accordingly. 

Introduction 
Laser Metal Deposition (LMD) is a process where metal powder is focused on a 

substrate and a laser beam mehs the powder and deposits it. It is possible to convert any part into 
a series of slices and each slice can be deposited by the above method accurately (layered 
deposition) and the whole part can be fabricated. The advantage of this process is that complex 
geometries can be constructed with high degrees of accuracy to achieve near net shape with a 
solid model of the part. The Laser Aided Material Processing system (LAMP, shovra in figure 1) 
at the University of Missouri Rolla is primarily comprised of a 2.5 KW Nd: YAG Rofin Sinar 
laser (at TEMoo) with integrated 5-Axis FADAL CNC with a maximum spindle speed of 7500 
RPM. 

HostPC : Noai 

<—-ri' Tern pet-alu" 
—===*=^    Senior 

LaserDisplacem ent 
Sensor 

Figure 1. A Schematic of the Laser Aided Material Processing system (LAMP). 

There is a coaxial screw feed dual powder delivery system that is capable of delivering 
two types of powder for Functionally Gradient Material parts. The 5-axis CNC ensures high part 
finish quality and can be used to remove any unwanted deposit. A schematic of the factor 
interrelationship is shown in figure 2. 
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This process has the capabiHty of producing overhang parts and does not use support 
material because additional use of support increases the build time of the part and requires a time 
consuming post-processing. With a five-axis deposition integrated with five-axis machining, 
these obstacles are removed ^'l This paper deals with the testing of HI3 powder deposited on 
HI3 substrates and optimized for maximum build rate and at the same time, for having a good 
part quality. The hardness and the porosity will be used to evaluate part quality in this case study. 
There is a large range of layer thickness as well as deposition rates that can be achieved using 
laser deposition. The deposit rate can be increased by increasing the laser power, powder 
flowrate and the traverse speed. However, the requirement of a good part quality puts a limit on 
optimal deposition speeds. Both the layer thickness and the volume deposition rates are affected 
predominately by the specific energy and powder mass flow rate. 
Here, specific energy (SE) is defined as: 

SE = P/(Dv), (1) 

Where "P" is the laser beam power, "D" is the laser beam diameter and "v" is the 
process traverse speed. Also it is well known that actual laser power absorbed in the melt pool is 
not the same as nominal laser power measured from a laser power monitor due to absorptivity 
and other plasma related factors depending on the materials ^^\ The use of adjusted specific 
energy is thus preferable. Considering the factors, it has been reported that there is a positive 
linear relationship between the layer thickness and adjusted specific energy for each powder 
mass flow rate ^^\ 
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Figure 2. Schematic showing the basic laser deposition factor interrelations. 

255 



Design of Experiments - Taguchi Methods of Optimization 

The Taguchi system of quality engineering is aimed at improving the robustness of a 
product and reducing the sensitivity to external variation. In other words, the part or product 
should perform as per customer expectations in the presence of various operational conditions. A 
special set of arrays called Orthogonal Arrays (also known as fractional factorial experiments) is 
used to optimize the processes. Not all the combinations of parameter levels are used to find out 
the best setting for a particular result, but a well defined combination that spans the whole set 
evenly is used. The main advantage is that an optimized result can be achieved in the least 
possible time. 

Experimental Approach 

The steps that were used in the implementation of the Taguchi methods are: 

• Identifying the factors and interactions: A total of 7 factors were chosen in this process as 
shown in table 1. 

• Identifying the levels of each factor: It was found that 3 factors were necessary to check the 
linearity in the variation. Moreover, there is a good chance of getting closer to the best values 
more quickly. 

• Selecting an appropriate orthogonal array (OA): An orthogonal array "A" is defined as an 
"N * k" array with entries from the set "S" with a number of levels "s", strength "t" and 
index "V^'^l The arrays must be chosen according to the number of control parameters, their 
respective levels and the factors which interact with each other. The LI8 was chosen for this 
experiment. 

• Assigning the factors and interactions to columns of the OA: One column was allocated to 
measure the factor interactions and any other factors and errors that were not taken into 
consideration. 

• Conducting the experiments: Three samples were used for each experiment for repeatability. 
Analyzing the data and determining the optimal levels - this is an important part of the whole 
process and helps in obtaining the optimized values depending on the output we choose to 
measure. In the analysis of data, Signal to Noise ratios (S/N) are used in controlling the target 
as well as reducing the variation about the target. The three types of Signal to Noise Ratio 
approaches are Nominal the Best, Smaller the Better and Larger the Better. Analysis of 
Variance (ANOVA) is used in this process is to calculate the percentage contribution of the 
control factors associated with the conclusions. 

• Conducting the confirmation experiment: This is done to validate the accuracy of the 
experiment. If the predicted values that we obtain after optimization match the results from 
the confirmation experiment, then the experiment is valid. 
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Factor Level Selection 

Control Factors 
Levels                   | 

1 2 3 

1 Laser Power (P) 500 750 1000 
2 Spot Size (D) 0.71 0.74 0.81 
3 Inner gas pressure (IG) 3 4 - 
4 Outer fjas pressure {OG] 8 10 12 
5 Feedrate {F) 20 25 30 
6 Powder Flowrate (PFJ 7.5 12.5 17.5 
7 Percentage Overlap (0) 25 35 45 

Table 1. Control factor levels and their values chosen for this experiment.    • 

In order to determine the levels of the factors in the experiment, a series of experiments 
was conducted and it was ensured that there was a deposition and good bonding with the 
substrate. It can be noted that the inner gas pressure has only 2 levels and the other factors have 3 
levels (table 1). The Degrees of Freedom (DOF) that we need to conduct for this experiment is 
13. So it is appropriate to use the LI 8 orthogonal array for the experiment as shown in figure 4. 
Three samples were made for each experiment for repeatability hence the overall DOF for the 
control factors changes to 39. The main goal is to improve the deposit build rate and also 
maximize hardness (maximum of 120 in the Rockwell B scale) and minimize the porosity. These 
characteristics are combined into a single yardstick known as an Overall Evaluation Criterion 
(OEC) which is to be used to weight the output of the various combinations of the factors. The 
different values are first normalized and a weight is allotted to each characteristic to ensure a 
single standard is followed throughout the experiment. It is important to note that the deposits 
were four layers and had a square area with zigzag deposition pattern for subsequent layers. 

Inner Gas Laser Feedrate Powder Outer gas Spot Overlap Error 
pressure Power Flow rate pressure Size Factor 

PSI Watt IPM g/min PSI mm % 

1 1 1 1 1 1 1 
1 2 2 2 2 2 2 
1 3 3 3 3 3 3 
2 1 1 2 2 3 3 
2 2 2 3 3 1 1 
2 3 3 1 1 2 2 
3 1 2 1 3 2 3 
3 2 3 2 1 3 1 
3 3 1 3 2 1 2 

2 1 1 3 3 2 2 1 
2 1 2 1 1 3 3 2 
2 1 3 2 2 1 1 3 
2 2 1 2 3 1 3 2 
2 2 2 3 1 2 1 3 
2 2 3 1 2 3 2 1 
2 3 1 3 2 3 1 2 
2 3 2 1 3 1 2 3 
2 3 3 2 1 2 3 1 

Table 2. The actual experimental layout of the LI 8 array. 
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The above setup (table 2) is a typical LI8 array. It should be noted that there is a 
separate column attributed to the errors. This error column was added mainly to take into account 
the interactions and unaccountable noise factor effects that would affect the performance of the 
system. The main emphasis was to reduce the effect of the errors or variations and make the 
system more robust to these error variations and produce the expected result even in the presence 
of these errors. The array was set up and quality characteristics for the various combinations of 
control factors and their various levels were calculated and then the mean, standard deviation, 
and signal to noise ratios for the noise as well as the control factors were computed. The signal to 
noise ratio for the "Larger the Better" case was considered for the build rate and the hardness. 
The three quality characteristics were then combined to form a single Overall Evaluation 
Criterion (OEC) and used for comparison and further calculations. 

Formulation of the Overall Evaluation Criterion 

It is quite common to encounter a situation where there is more than one Quality 
Characteristic (QC). It is possible to analyze the QCs separately, but it cannot be guaranteed that 
a single common optimized result will be achieved. It would more often be different and 
contradicting. This emphasizes the use of what is called an Overall Evaluation Criterion. In this 
case a certain relative weight percentage must be allocated to each QC subjectively during the 
experiment planning session. The different QCs are adjusted in such a way that they give rise to 
a QC that is either Smaller the Better (STB) or Larger the Better (LTB). To combine the different 
QCs into a single OEC, they must be normalized first and then weighted. The Nominal the Best 
(NTB) QC must be modified to represent the deviation from the nominal value which would 
become STB ^^\ In this case the build rate, hardness and the porosity were given a weight 
percentage of 40, 40 and 20 respectively. To simplify the experimental array, the individual 
sample readings have not been shovra in the experiment table (table 3). There were three 
readings taken for each quality characteristic on each sample. Only their mean values are shovm 
in the table. The OEC is formulated as a LTB case for all three characteristics. The hardness was 
measured in the Rockwell B scale, the build height and wddth were measured in an optical 
microscope and the time was calculated from the NC code for the deposition. The build rate was 
calculated as build volume per unit time in mmVs. The porosity was viewed at 500X resolution 
and measured by a ranking system from a scale of 1 to 10. 
Here the OEC was formulated as follows ^^^: 

OEC = 
QCa-QC, min(o) ■W^Vo > + < 

QC,-QC^, min(6) 

y^rmxib)      tJ^mi 

-*Wi,% (2) 
min(A) 

of "a" 
The above equation is for a larger the better case where QCa is the performance value 

„. „ , QCb is the performance value of "b", QC^ax & QCmin are the best and the worst 
performance values of the respective QCs and Wx is the weight percentage allotted to the QC 
"x". For a smaller the better case, we can modify the above equation to suit a larger the better 
case as shown below ^. 

OEC = ■*wyo\+\ 1- 
ec,ax(M-eq 

■(ft) 

Q^mmm      il^m\ min(6) y 

*r^% > + ... (3) 

In equation 3, characteristic "b" is smaller the better whereas the OEC is formulated for 
larger the better approach. For NTB approaches, it must be noted that the OEC will be evaluated 
based on the magnitude of deviation from the nominal value. This magnitude must be made to be 
smaller the better. This can be easily reformulated to fit larger the better as shown above ^^l 
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Experiment 

Irial IG P F PF OG D 0 INT Avg. Avg. Avg. 0EC1 • 40:40:20 OEC 2 ■ 33:34:33 

INO. PSI Watt iPM g/inin PSI mm % Build rate Hardness Porosity Mean S/N Ratio Mean S/N Ratio 

1 3 500 20 7.5 8 0.71 25 1 2.99 95.80 6.33 12.58 26.76 16.03 28.87 

2 3 500 25 12.5 10 0.74 35 2 5.21 99.30 7.33 38:15 36.40 45.60 37.95 

3 3 500 30 17.5 12 0.81 45 3 6.73 117.70 5.67 60.30 40.38 50.29 38.80 

4 3 750 20 7.5 10 0.74 45 3 3.39 116.40 6.67 53.90 39.40 52.91 39.24 

5 3 750 25 12.5 12 0.81 25 1 5.98 106.80 7.33 54.61 39.52 59.27 40.23 

6 3 750 30 17.5 8 0.71 35 2 11.05 116.00 6.67 85.59 43.42 79.87 42.82 

7 3 1000 20 12.5 8 0.81 35 3 7.80 111.20 7.67 73.38 42.08 77.69 42.58 

8 3 1000 25 17.5 10 0.71 45 1 9.68 118.40 7.67 94.03 4424 94.93 44.32 

9 3 1000 30 7.5 12 0.74 25 2 3.49 116.40 6.00 47.67 38:34 42.27 37.29 

10 4 500 20 17.5 12 0.74 35 1 4.21 115.20 7.33 61.93 40.61 65.12 41.05 

11 4 500 25 7.5 8 0.81 45 2 1.59 111.30 6.67 37.32 36.21 39.04 36.60 

12 4 500 30 12.5 10 0.71 25 3 5.04 108.40 6.67 46.76 38.17 47.19 38.25 

13 4 750 20 12.5 12 0.71 45 2 3.10 115.80 7.33 58.28 40.08 61.99 40.62 

14 4 750 25 17.5 8 0.74 25 3 6.69 117.80 6.67 70.32 41:71 66.80 41.27 

15 4 750 30 7.5 10 0.81 35 1 1.59 111.70 6.67 38.02 36.37 39.61 36.73 

16 4 1000 20 17.5 10 0.81 25 2 7.30 106.20 7.00 55.80 39.70 57.64 39.99 

17 4 1000 25 7.5 12 0.71 35 3 2.45 115.70 7.33 55.38 39.64 59.53 40.27 

18 4 1000 30 12.5 8 0.74 45 1 7.26 118.50 6.33 70.66 41.75 64:39 40.95 

Total 1014.7 704.79 I02O.2 707.80 

Mean 56.37 39.15 56.68 39.32 

Table 3. The experimental array with the measured performance statistics and S/N ratio. 

From table 3, we can see that there is an attempt made to evaluate another OEC with 
33:34:33 weightage. This was done to study the change in the optimal values when all QCs are 
given equal importance. The OEC 2 can be used only if the part quality is of primary importance. 
It is also important to note that the optimal level settings may not be the same for different QCs. 
The optimal combination for hardness may differ from that of porosity. When both are used, 
there would be a trade-off in the result obtained. 

Analysis of the Means (ANOM) 

The Analysis of the Means (ANOM) is conducted basically to do a two step 
optimization. This is done by first reducing the variation in the process (using the S/N ratio and 
maximizing the slope) and then shifting the mean or target performance to get the best output. 
The ANOM was conducted next and the factor level plots were constructed. The levels of the 
control factors with the highest S/N ratio were used in verification of the predicted values for the 
confirmation experiment '^\ The ANOM tables for the mean and the Signal to Noise ratio are 
shown below (tables 4 and 5). 

Inner Gas Laser Feed rate Powder Outer gas Spot Overlap 

pressure Power Flow rate pressure Diameter Factor 

Mean PSI Watt IPM g/min PSI mm % 

1 57.80 42.84 52.64 40.81 58.31 58.77 47.96 

2 54.94 60.12 58.30 56.97 54.44 57.10 58.74 

3 - 66.15 58.17 71.33 56.36 53.24 62.41 

Table 4. ANOM for the Means. 
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Inner Gas Laser Feed rate Powder Outer gas Spot Overlap 

pressure Power Flow rate pressure Diameter Factor 

S/N PSI Watt IPM g/min PSI mm % 

1 38.95 36.42 38.11 36.12 38.66 38.72 37.37 

2 39.36 40.08 39.62 39.67 39.05 39.70 39.75 

3 - 40.96 39.74 41.68 39.76 39.04 40.34 

Table 5. ANOM for the Signal to Noise Ratios. 

Mean of the Control Factors 
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Figure 3. Factor Effect Plots for the Means. 

Signal to Noise Ratio of Control Factors 
Optimal Levels 

PF        OG 
Levels 

Figure 4. Factor effect Plots for the Signal to Noise Ratios. 

In the above figures (3 and 4), IG / OG are Inner Gas / Outer Gas (PSI), P is Laser 
Power (W), F is the Feedrate (IPM), PF is the Powder Flowrate (g/min), D is the Spot Diameter 
(mm), O is the Overlap (%) and INT denotes the Interactions and Noises (their effects and 
percentage contributions would be calculated for further evaluation). 
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Optimal Levels 

From the plots and the Analysis of the Means, it was found that the optimal levels that 
are required to produce the given OEC 1 are IG2= 4 PSI, P3 = lOOOW, F3 = 30 IPM, PF3 = 17.5 
g/min, OG3 = 12 PSI, D2 = 0.74mm and O3 = 45%. With these optimal levels the expected 
performance should be predicted and the confirmation experiment should be carried out to verify 
the validity of the results. 

From OEC 2, the study of the ANOM shows that the optimal levels remain the same 
except for the Feed rate and the Overlap factor. It must also be noted that there are only slight 
differences in the S/N ratio values of those control factors. 

Predictive Model 

The predictive model is constructed from the ANOM results and is formed by 
considering the optimum level contribution of each factor to the deviation from the overall mean 
value for the experiment. The general formula for a predictive value is given below: ^^' 

y(A,B,C,D) = y +(y,-y) + iy,-y) + (yc-y) + ... (4) 

Where, y is a Quality Characteristic and A, B, C, etc. are the control factors. 

In this experiment the predicted value for the S/N ratio was calculated to be 45.6 and 
the results of the confirmation experiment showed an S/N ratio of 45.2 which showed that the 
experiment was valid. 

Analysis of Variance (ANOVA) 

ANOVA is a statistically based decision making tool used for detecting any 
discrepancies in the average performances of the groups of data tested. ANOVA breaks down 
total variation into comprehendible sources. In other words it enables us to quantitatively 
estimate the relative contribution each control factor makes to the overall performance. This 
contribution is expressed as a percentage. The importance of each control factor is measured by 
comparing the variance between the control factor effects with that of the experimental data. 
Here a mathematical technique known as the Sum of Squares (SS) is used to measure the 
deviation of the control factor effects on the average response quantitatively, from the overall 
experimental mean response. The effects of random experimental error can also be determined in 
this process. The basic steps involved in ANOVA are firstly determining the Grand Total Sum of 
Squares (GTSS). The GTSS is comprised of the overall experimental mean (or) the Sum of 
Squares due to the mean which is given by ^^\ 

N 

GTSS = Y,(S / N)^ (5) 
1=1 

And the Sum of Squares due to the variation about the mean (or) the total Sum of 
Squares is given by ^^^: 

A' 

Total SS = ^iS/N^-S/Nf (6) 
/=1 

It is important to note that GTSS = Total SS + SS due to the mean (See table 6). 

261 



(dB)^ 

Grand Total Sum of Squares 27845.98 

Total Sum of Squares 250.27 

Sum of Squares due to the Mean 27595.71 

Table 6. The Sum of Square values obtained from the experiment. 

The Sum of Squares due to variation about the mean for a Factor A can be given as ^^h 

SS,= 

(Number of experiments at A^evei i) * C*^ / ^Levei ]-S/N) + 

(Number of experiments at ALe^^, 2) * ('S' / Nhevd 2-S/N) + 

... + (Number of experiments at A^^^^^ N ) * C*^ ^ ^^"^^ i^-S/N) 

(7) 

Percentage Contribution of Parameters 

The percentage contribution is the portion of the total variation that was observed in 
an experiment and is attributed to each significant factor and/or interaction. It is a function of the 
sums of squares of each factor. If the factor and/or interaction levels were controlled precisely, 
then the total variation would reduce by the amount indicated by the percentage contribution. 
The percentage contribution due to error provides an estimate of the adequacy of the experiment. 
It is given by'^^: 

Percentage Contribution = (55^,,,,, / Total SS) * 100 (8) 

Percentage 

SS for Factors Contribution 

SS|G 0.77 0.31 

SSp 69.52 27.78 

SSF 9.92 3.96 

SSpF 95.00 37.96 

SSoG 3.75 1.50 

SSD 3.02 1.21 

SSo 29.81 11.91 

SSiNT 12.42 4.96 

SSError 26.08 10.42 

Table 7. Sum of Squares due to each factor and their Percentage Contribution. 

From the Percentage Contributions (table 7 and figure 5) we may note that there are 
more unaccountable errors contributing around 10.4% to the overall variation along with the 
4.96% of assumed interactions and uncontrolled noises. This is attributed to three main causes: 

• Uncontrollable noise factors. 
• Factors which are not included in the experiment and 
• Experimental error ^^^ ^'l 
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Percentage Contribullpii 

■ Inner Gas 
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Figure 5. Pie chart showing the Percentage Contributions. 

Number of 
Experiments = 18 

Figure 6. Schematic of the Degree of Freedom decomposition 

From figure 6, it is found that the DOFs due to all the factors taken into consideration 
are two less than the total DOF. This means that there are experimental errors and unknown or 

r7i l*^ 
uncontrollable factor contributions worth two DOFs ^ . In this situation, it is necessary to do an 
F-Test to validate the importance of the control factors and prove that they can still control the 
process in the presence of these errors and variations. 
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F- Test 

The F-Test or F-Ratio, also known as the variance ratio, is used to test the 
significance of the factor effects. It is given by ^^\ 

F = 
MS _   mean square due to a control factor 

S^     mean square due to experimental error 
(9) 

Where, MS = 
factor effect sum of squares 

factor degrees of freedom 
(9.1) & Si = 

error sum of squares 

error degrees of freedom 
(9.2) 

When the value of F is more than 1, then the effect of the control factor is more than the 
variance due to experimental error and the interaction effects. Some general guidelines for the F- 
Ratio are ^^\ 

• F<1, then the experimental error outweighs the effect of the control factors. The control 
factors will be trivial and indistinguishable from the experimental error. 

• F « 2, the control factor only has a reasonable effect compared to the experimental error. 
• F>4, the control factor is strong compared to the experimental error and is obviously 

significant. 

It is recommended to pool the insignificant control factors with the error. This makes it 
possible to calculate the contribution of the significant control factors more effectively "^ ^ ^ . In 
this experiment, laser power, powder flow rate and overlap will be counted as significant factors 
and the remaining factors will be pooled together as the error as shown in table 8. 

S^f. 6.0860$ 

^■ 
■qif.75926 
47.49824 

tqis'^f .1*.  

M8i,*:«fe;»;^30408 

Table 8. Mean Square values for the significant factors and the error. 

The F ratios that are calculated from the above values (Fp - 6.8, Fpp = 9.3& FQ - 2.9) 
show that Laser Power and Powder Flowrate are clearly significant when compared to the errors 
and Overlap factor has only a reasonably significant effect on the errors. 

Conclusion 

The LAMP process at UMR was optimized using the Design of Experiments approach 
based on Taguchi's methods for maximum build rate, hardness and minimum porosity within the 
level settings that were decided for this experiment. The control factor interactions were studied 
and it was shown that the contribution of some control factors namely the laser power, the 
overlap factor and the powder flowrate are significant and the optimal levels for this experiment 
were determined. The contribution of the errors which include the experimental error, error due 
to interactions between factors and error due to uncontrollable noises we;e also studied and the 
system was made robust to these variations. A comparative study was also done with equal 
weightage for all the Quality Characteristics and the optimal values were not found to vary by 
much. 
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It is required that this process be further improved. This can be done by using the 
results of this experiment and conducting iterative experiments to hone in on the best possible 
level values of the control parameters that are least sensitive to the variations and are more 
improved and repeatable. 
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Design of a customized multi-directional layered deposition system 
based on part geometry. 

Prabhjot Singh, Yong-Mo Moon, Debasish Dutta, Sridhar Kota 

Abstract 

Multi-Direction Layered Deposition (MDLD) reduces the need for supports by depositing 
on a part along multiple directions. This requires the design of a new mechanism to re- 
orient the part, such that the deposition head can approach from different orientations. 
We present a customized compliant parallel kinematic machine design configured to 
deposit a set of part geometries. Relationships between the process planning for the 
MDLD of a part geometry and considerations in the design of the customized machine 
mechanism are illustrated. MDLD process planning is based on progressive part 
decomposition and kinematic machine design uses dual number algebra and screw 
theory. 

1. Introduction 

The past decade has seen the development of numerous Layered 
Manufacturing (LM) techniques. The main advantage afforded by LM is its ability to 
produce geometrically complex parts without specialized tooling in a relatively short 
period of time. LM processes are characterized by the need for sacrificial structures to 
support overhanging regions of the part. This necessitates time consuming post- 
processing and degrades part quality. 

Multi-Direction Layered Deposition (MDLD) Systems such as [3][4][5] [7] 
build parts without supports by depositing a part along multiple directions. Depending 
on the process, either the deposition nozzle or the base table has multi-axis kinematics 
(refer Figure 1). 

(b) 
(a) 

Figure 1: (a) Deposition Table with rotational and translational actuation (b) Deposition 
nozzle mounted on a multi-axis robotic arm. 
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This necessitates a mechanism with more than 3 degrees of freedom. A full 6 
degree of freedom mechanism is expensive and is very often redundant for customers 
engaged in the design and fabrication of specific geometries. Recognizing this, recent 
research efforts such as [8] [15] have proposed simplified kinematics for multi- 
direction deposition systems. While they have a distinct advantage over 2.5D LM 
systems, the fixed configuration of the nozzles/deposition table restricts support-less 
deposition to a few part geometries. 

In this research we propose a cost effective method to achieve multi-direction 
deposition by using kinematics which are customized to fabricate a specific family of 
parts. 

For a given geometric part family, our approach comprises of two tasks. The 
first task is the process planning underlying multi-direction layered deposition of a 
given member of the part family. The input part geometry is converted into sets of 
uniform parallel slices aligned along a set of vectors called the build directions. In the 
second task, slice geometry and build directions are used to derive the machine 
kinematics. Traditionally mechanism design has been a mixture of art and science. 
Researchers in the past have tried to classify, compile and codify basic elements of 
mechanisms in order to systematize the creative design process. In this research, we 
propose a compliant parallel kinematic machine (CPKM) design methodology [9] [10]. 
The CPKM methodology synthesizes the mechanism using dual number algebra and 
screw theory. The synthesized mechanism has high accuracy because it uses compliant 
joints which are clearance and friction free mechanical component. A typical CPKM 
mechanism is shown in Figure 2. 

Figure 2: A deposition table constructed using the Compliant Parallel Machine Design 
Methodology 

The remainder of the paper is organized as follows: Section 2 details the 
process planning methodology underlying the MDLD of a part. Section 3 presents a 
brief summary of the theory underlying CPKM and its relevance in the context of 
MDLD. In Section 4 we define an illustrative parametric part family along with its 
MDLD process planning. The output of the process planning information is used in 
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Section 5 to construct the kinematics of a CPKM. Section 6 concludes the paper with a 
summary of the research and directions for future research. 

2. Process Planning Methodology for MDLD 

A process planning framework for MDLD was proposed in an earlier 
publication [11]. It was assumed that the deposition nozzle is mounted on a multi- 
degree of freedom robotic arm. No other assumptions were made about the kinematics 
of the MDLD system. In [11] we addressed the core question in the analysis of multi- 
direction deposition systems, which is: how much of the part should be built in one 
direction and why? A brief overview of the process planning tasks is covered in this 
section. The reader is referred to [11] and [12] for further details. 

Assuming that the initial orientation of the part is user defined, the following 
MDLD process planning tasks were identified: 

1. Decomposition of the part volume. 
2. Establishing the Build Directions. 
3. Sequencing the Decomposed sub-volumes. 

The overall strategy for multi-direction slicing involves the progressive 
decomposition of the part (P) into sub-volumes each of which can be completely built 
along a certain direction. The input to each stage of this progressive decomposition is 
an unprocessed sub-volume (Vunproc) of the part which is processed using two 
operations: 

1. Find a build direction, B. 
2. Using 5 to decompose Vunproc into buildable and unbuildable sub-volumes. 

The buildable part of Vunproc is classified as a processed sub-volume (Vproc) 
with 5 as its assigned build direction. The unbuildable sub-volume (Vunproc) forms the 
input to the next stage of the decomposition process. This stage-wise decomposition 
stops when: 

[jV^roc,=VoKP) 

Where Vol(P) is the volume of the part P. 

2.1. Part Volume Decomposition 

The overhang angle constraint as defined by Allen and Dutta [2]£estricts the 
deposition of overhanging regions in LM. For a given build direction (B), the part 
volume decomposition algorithm is concerned with the identification and disjunction 
of part volumes which can be built and those which cannot. The algorithm defines 
surface regions to be unbuildable when the angle between the surface normals and the 
build direction is greater than 90 degrees. Such unbuildable surface regions are 
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bounded by silhouette edges of the surface [6] when viewed from -5, the opposite of 
the assigned build direction. Unbuildable part volumes are then identified by sweeping 

the unbuildable surface regions along B and subtracting the resulting swept volume 
from the part P. This is shown through an illustrative CAD model below (ref. Figure 
3). 

Silhouette Edges 

V_JV ^^^jg^^^^gg^^^ unbuild 

build 

(a) Part Volume Decomposition 

unhtiild      'unproc Build map 

^ 

Build map, 
discretized 

^k     Selected build 
H^    direction = (0, 1, 0) 

(b) Build Direction Determination 

Figure 3: Part volume decomposition and build direction determination for IVIDLD. 

2.2. Build Direction Determination 

In this task a build direction is assigned to an unprocessed sub-volume. It involves 
both the identification of all feasible build directions and the selection of the best build 
direction. Any vector which makes an angle of 90 degrees or lesser with all surface 
normals of the part boundary is considered to be a feasible build direction. The set of all 
feasible build directions is called the build map. The best build direction (a member of 
the build map) minimizes the average weighted cusp height as defined by Alexander and 
Dutta in [1]. An illustrative build map of a part volume and the selected build direction 
for a CAD model is shown in Figure 3b. 

2.3. Volume Sequencing 

Layered deposition requires the presence of a base substrate. Using Figure 3a as a 
reference, Pbmid must be deposited before PmbuUd since the base or the common face 
between the two sub-volumes lies on PbuiM- Consequently the deposition of Punbwid cannot 
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start till its base has been created, establishing PtuUd^ precedence in the deposition 
sequence. 

The overall process planning algorithm for MDLD is summed up in the following 
flowchart (ref Figure 4). As mentioned, the orientation of the part relative to the 
deposition table, i.e. the initial build direction (5) is user defined. The build direction 
determination module and volume decomposition are applied recursively till the entire 
part is decomposed. These are succeeded by Part volume sequencing and slicing along 

assigned build directions {B). 

d 
f-—Ti 

' P .(j..>=Decorr.nose(/'.-tt: 

P 
Figure 4: Overall algorithm for MDLD process planning 

An illustrative CAD model with its volume decomposition is shown in Figure 4a. 
The model is consequently sliced as shown in Figure 4b. The initial build direction is 
chosen along the Z^ axis. 

# 

\c 
(0.-1,0) 

Og^ I (0.0,1) 

(O.-lJ)/ 

(a) 

(0.1,0) 

/ 

(0.0,1) 

"''^Ool (0.0,1) 
(0,-1. m    '^ 

(0,0,1) 

Figure 3: (a) A CAD model with its MDS decomposition and associated build directions (b) 
Slices of MDS subvolumes along selected build directions. 
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3. Mechanism Synthesis 

A machine for MDLD is comprised of two parts; 1) X-Y printing overhang head 
unit, and 2) the workpiece orientation unit. Generic LM machines have an X-Y printing 
unit that has coordinated control in the X-Y direction and a separate control for the Z 
direction. To design the MDLM machine, we need to add the workpiece orientation unit 
that aligns the building direction to the Z axis of the head unit. This paper presents the 
design of the workpiece support unit that is using the compliant mechanisms. 

Traditional mechanisms attain motion through the use of rigid links and discrete 
joints. They are ubiquitous in the world of machines and have been studied for centuries. 
Within the last several decades, there has been a growing interest in what have been 
termed compliant mechanisms. Unlike their rigid body counterparts, compliant 
mechanisms utilize the flexibility of their members to transmit or transform motion and 
forces. While traditional mechanisms are designed to be stiff and strong, compliant 
mechanisms are designed to be flexible and strong. 

Not every problem is best solved with compliant mechanisms, but for applications 
better suited for compliant mechanisms, there are a number of significant benefits. They 
can be summarized as follows: 

■ Assembly: Compliant mechanisms are designed to be monolithic. Thus, there is a 
reduced need for mechanism assembly. In most cases, compliant mechanisms are 
designed to be coupled with actuators. This typically requires some assembly, but the 
number of parts is far less in comparison to traditional mechanisms. 

■ No wear. Compliant mechanisms attain mobility through deformation, and therefore 
do not experience wear. As such, there is a reduced need for maintenance such as 
lubrication. Also, failure occurs either from static or fatigue failure. These types of 
failure are more predictable than wear phenomena. 

■ No backlash: Due to the absence of discrete joints, compliant mechanisms do not 
suffer from backlash. As a resuh, high precision may be attained. 

■ Energy storage: Compliant mechanisms store elastic energy as they deform. This 
energy may be used to assist in applications requiring a return stage. There is a 
reduced need for springs and possible actuation. 

The design of multi-degrees of freedom mechanism is not always been a simple 
task while maintaining the accuracy and stiffness of the mechanisms. One of the most 
popular design of spatial multi degrees of freedom mechanisms is parallel kinematic 
machines (PKM) which is know to have high stiffness. However, PKM has poor 
accuracy compare to the serial mechanisms and planar mechanisms since it needs more 
mechanical joints than the other mechanisms. In this paper, we are using the compliant 
joint [9] based parallel kinematic machines; CPKM (Compliant Parallel Kinematic 
Machines) so the mechanism has high stiffness without the accuracy problems. 

The mechanism does not need the fiill six degrees of freedom since CPKM is 
customized around a parametric part family. In this paper, we take the building block 
approach to design a CPKM with less than six degrees of freedom [10]. 
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CPKM is comprised of a top plate (end effector or work holding), a bottom plate, 
a constraining leg and active legs. The top plate holds the workpiece and the bottom plate 
is attached to the MDLM machine. The constraining leg is a one serial kinematic chain 
that connects those two plates and defines the total degrees of freedom of the workpiece 
supporting unit. The active legs are attached after the constraining leg is configured so 
that the machine can be activated. 

To design CPKM, its requirements should be clarified first. The requirements for 
a CPKM are the required motions. To capture the characteristics of the motions, screw 
theory based dual vector representation and its algebra has been used in this research. 
When we think of a motion, it includes many aspects of the motion such as range of 
motion, type of motion, direction of motion and location of motion. The dual vector 
representation is one of the most suitable methods to represent these in explicit form. The 
algebraic operations and modeling methods used in this research is following reference 

[9]. 

The format of the dual number representation of a motion (or screw) has four 
parts; 1) magnitude, 2) dual pitch, 3) direction vector and 4) coupled vector. The 
magnitude and dual pitch capture the required range and the types of the motions 
respectively. The direction vector and the coupled vector is a line represented in dual 
vector form, thus it contains the orientation and location of the motion axis. 

$ = MPL (^^ 

Where Mmax, Mcun-ent, and Mmin represent the maximum, current and minimum value of 
the magnitude respectively. PA and PL represent the angular and linear pitches 
respectively. And D and C represents the direction and couple vector of the lines. 

The range of motion is calculated as the Mmax - Mmin- If the magnitude is a single 
number then the motion is considered as the displacement fi-om 0 to the magnitude. The 
dual pitch has two numbers; PA and PL- For a pure rotational motion and a pure 
translational motion, the dual pitches are (1 + E 0) and (0 + e 1) respectively. For a 
generic screw motion, the dual pitch is (1 + e /?) and the unit of the magnitude is angle. 
The direction vector (D) indicates the direction of the motion axis. The couple vector is 
the cross product of the location of the line and the direction vector (C = R X D). 
Therefore, the dual vector satisfies the following conditions. 

|D| = 1 (2) 

DC = 0 

For the multi-DoF motions, the dual vector itself contains variables that capture 
the DoF. However, it is not desirable to have more than one DoF for a motion. Therefore, 
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We will use multi-DoF dual vectors only for the intermediate motions and they will be 
decomposed into single DoF in the end. 

The decomposition of the motion is required to match the required motions to the 
kinematic structure of the constraining leg. The decomposed motions can be directly used 
to synthesize the constraining leg since the order of screws also determines the 
dependency between the motions as in a serial kinematic chain. 

The second step toward the design of CPKM is to configure the constraining leg 
for the required motions. 

Motion Requirements 
(represented in dual vector form and decomposed into a list 

of singfe DoF motions) 

Library of 
Constraining Leg 
Conngurations 

Constraining Leg Synthesis 
(depend on the type of the requirements there are two 
methods; analytic synthesis and building block method) 

Design for DoF Analytic Synthesis 

Z^ 
Active Leg Configuration 

(place the active leg to avoid the singularity v/ith the pre- 
defined configuration) 

Figure 6. CPKM Design process 

After configuring the constraining leg, the active legs should be added to 
complete the CPKM design. The generic design of the active legs is designed so that it 
has six DoF. However, the actual DoF of the active leg is five since the actuator 
constraints one DoF from the configuration. Now the active legs have five DoF, in other 
words each of them constraints one DoF, the active legs control the DoF of the CPKM 
with those constrained DoF and hence causes the singularity. In adding active legs, the 
arrangement should be carefully done otherwise it will cause redundancy or singularity. 

^) 

Figure 7. active leg design 
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4. Illustrative Part Family (PF) Definition and MDLD Process Planning 

According to Shah and Mantyla [13] a soHd model in which the main model 
entities, such as faces, edges etc., are related by geometric constraints defines a 
parametric solid model. The geometric constraints specify mathematical relationships 
between the numerical variables of the model entities. For the purposes of this research 
we shall define a part family to be the set of parametric solid models which share the 
same topology and geometric constraints. A member of the part family is instanced by 
assigning a value to each of the geometric constraints. We do not concern ourselves with 
constraint satisfaction or constraint propagation as addressed in [13] and [14]. Instead, 
our objective is to show the relationship between MDLD process planning and CPKM 
synthesis in the context 6f geometrically varying solid models. 

An illustrative part family is shovra in the following figure (ref Figure 4). 

(a) An instance of the 
Illustrative part family 

(b) Geometric Constraints 

Figure 4: Illustrative Part Family 

In Figure 4, the geometry of the part varies as the parameters, a, P, Di and D2 are 
changed. The following constraints are placed on the part family parameters: 

Parameter 
a 

Di 
D2 

Minimum Value 
-30° 
90° 

50 mm 
20 mm 

Maximum Value 
30' 
180° 

150 mm 
60 mm 

The diameter of the tubular section is fixed at 10 mm and the base dimensions are 50x50 
mm. 
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In the following sections, we will present the MDLD process planning for the part 
families. The output from the process planning will be used to design a customized 
CPKM mechanism. 

4.1. MDLD Process Planning for PF 

MDLD process planning tasks for the part family are derived from those 
discussed in Section 2.0. The build directions for the part family vary with the geometric 
constraints which effects the resultant part volume decomposition. The process planning 
tasks for an illustrative part family member are shown in Figure 5. These include part 
volume decomposition and slicing. Uniform slice thickness is assumed throughout. Note 
that the sequence of deposition is Vi - V2 - V3, based on the existence of the base surface 
(as discussed in Section 2.0). The deposition nozzle is assumed to be oriented along the 
build direction. 

(a) MDLD decomposition (b) IVIulti-Directional Slicing 

Figure 5: IVIDLD Process Planning for an illustrative PF member 

Bi ,(refer Figure 5b) the initial build direction is along the Z axis. The following table 
summarizes the variation in the build directions, B2 and B3 with the variation in a and p. 

Build Direction Dependence (x, y, z) 
B, (cosa, 0, sina) 
B2 (-cos(3 - a), 0, sin(3 -a)) 

5. Compliant Mechanism for fabricating the PF 

The example has two build directions, Bi and B2. The task of the workpiece 
orientation unit is to orient the workpiece from the up-right to the oriented angle of B2. 
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Therefore one can assume that the mechanism requires one degree of freedom which is: 
rotation about the Z axis in the global coordinates. 

Table 1. Library of constraining legs for DoF requirements 

Translation 

Rotation 
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From Table 1, the one rotation and no translation configuration is selected as the 
candidate configuration of the constraining leg. Since the mechanism need to orient the 
workpiece by angle a, the sizing of the compliant joint is determined to satisfy the 
motion range requirement [9]. 

After having the constraining leg configured, the active leg is placed. Since the 
mechanism needs only one degree of freedom, it needs one active leg. To balance the 
active leg layout, we put two active legs as in the figure 6. 
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Translation in X 

Translation in Y 

iV 
• Translation in 2 

Reconfigurable 
Work Support 

Figure 6: MOLD machine for PF member 

As the part family changes, the reconfigurable work support unit could be replaced for 
the new requirements. 

6. Conclusions and Future Work 

In this research we have presented a synergistic framework in which the 
kinematics of an LM machine are designed using the output from the MDLD process 
planning for a parametric part family. The presented approach has the potential to be 
more cost effective when compared to MDLD systems which employ 5-6 axis 
kinematics. Our assumptions regarding the mode of material deposition are generic. 
Future research will be directed at interfacing with a specific deposition technique (such 
as Direct Metal Deposition (DMD) [7]). We will also focus on complex application 
specific part families. This will entail the inclusion of collision detection techniques 
resulting in the possible requirement for support structures and changes in the orientation 
of the deposition nozzle orientation. 
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Abstract 

Layered Manufacturing (LM) techniques build a part by adding thin layers of material. In many LM 
processes overhangs require the deposition of sacrificial supports resulting in an increase in the 
build time, wastage of material and costly post-processing. This has led to the development of LM 
systems which can deposit material along multiple directions and eliminate the need for supports. 
We survey the configurations of available multi-direction deposition systems. An overview of the 
process planning challenges is presented. Literature on process planning methodologies is 
reviewed. 

1.0 Introduction 

Layered Manufacturing (LM) processes have developed the ability to deposit a 
variety of materials with an increased emphasis on the fabrication of functional 
prototypes. There is a vast body of literature covering various aspects of Layered 
Manufacturing processes. The interested reader is directed towards [8] for a survey of 
LM processes and the Proceedings of the annual Solid Freeform Fabrication Proceedings 
hosted by the University of Texas, Austin. 

In this paper we will concern ourselves with a specific set of LM processes which 
can deposit material along multiple directions. The development of these processes has 
been motivated by two salient characteristics of LM processes, namely the need for 
support structures to deposit overhanging features (refer Figure la) and the so called 
staircase effect. The staircase effect concerns the approximate construction of surfaces 
which are not aligned along the build (deposition) direction and is qualified by the cusp 
height (Ref. Figure lb). The cumulative effect of these is a longer build time, material 
wastage, deterioration of surface quality and time consuming post processing. 

Cusp Height- 

l    Build 
Direction 

(a) Supports required (b) Approximate Surface 
- Staircase effect 

Figure 1: The need for multi-direction layered deposition 
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Multi-Direction Layered Deposition Systems (MDLD) systems have the abiUty to 
deposit material along multiple directions. A part is decomposed into smaller sub- 
volumes which are built along multiple build directions. This enables support-less layered 
deposition and a better control over the cusp height. The focus of this paper is the survey 
of research into process planning for MDLD. Process planning refers to the generation of 
tool paths and selection of process parameters to build an object using a manufacturing 
process. The reader is referred to [7][8] for a survey of process planning tasks for LM. 
The use of multiple deposition directions necessitates additional process planning for 
MDLD. To better understand the tasks involved, we begin by briefly summarizing the 
capabilities of the available MDLD techniques and their process characteristics. The 
physics of the deposition processes is not discussed in detail; instead the focus is on 
deriving the process characteristics which have a bearing on the associated process 
planning. This survey also motivates the categorization of the process planning tasks. 

2.0 Multi-Direction Layered Deposition Techniques 

Multi-direction Layered Deposition processes have developed independently and 
employ a variety of deposition modes for part fabrication. The degree of freedom in 
choosing a deposition direction varies from one process to another. 

Some of the MDLD processes use 2.5D LM machines retrofitted with specialized 
kinematics permitting limited MDLD capabilities. Examples are the Double Sided 
Layered Manufacturing [11] and the Multi-Orientation Deposition (MOD) processes 
[17]. Double-Sided Layered Deposition uses a traditional Fused Deposition Modeling 
(FDM) machine with an additional fixturing mechanism which permits the deposition of 
the part along two directions. The part to be built is divided into two halves with a parting 
plane. The bottom half is deposited first. It is then flipped over and the remainder is 
deposited on its backside. The MOD process uses two deposition nozzles aligned 
perpendicular to each other in conjunction with a deposition table with x-y and a 
rotational degree of freedom. This permits the support-less deposition of annular regions 
using offsets of a base layer. 

Processes specifically designed to have MDLD capabilities include Direct Metal 
Deposition (DMD) [10], Five Axis Rapid Metal Forming [19], Laser Chemical Vapor 
Deposition [15][16] (LCVD) and 3D Welding [4]. Both DMD and the Rapid Metal 
Forming process utilize a laser cladding process with CO2 and Nd:YAG lasers 
respectively. A high power laser generates a small meh pool on the substrate while metal 
powder is injected through a concentric nozzle. MDLD is realized by the use of a 
deposition table with translational and rotational degrees of freedom. The Rapid Metal 
Forming process uses a 5-axis CNC milling machine in addition to the deposition 
process. This improves the surface quality while the part is being fabricated. 

LCVD is an adaptation of the traditional Chemical Vapor Deposition (CVD) 
process. In this process the substrate is placed in a chamber with a supply of CVD 
reagent gases. The substrate is heated close to its melting point; thereafter a laser is used 
to locally heat a spot on the surface. This initiates a thermal decomposition of the reactant 
gases resulting in the deposition of material at the same spot. MDLD is realized by 
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moving the substrate relative to the laser beam. Since the mode of deposition is via a 
local chemical reaction, a variety of substrate shapes are possible. 

The 3D welding process was one of the earliest attempts at creating an MDLD 
system using a welding torch mounted on a highly articulated robot arm. The weld 
electrode provides the deposition material. 

3.0 Process Constraints affecting Process Planning 

The objective of MDLD is support-less part fabrication. The overhang angle [2] 
between two contiguous layers is the most important process constraint in MDLD process 
planning. It determines the extents of a part volume that can be deposited without the 
need for sacrificial supports. The overhang angle is defined as the maximum of the 
minimum distance between a point on the i-1 layer and the corresponding point on the /th 
layer. The angle, 9 between the surface normal and the build direction, and the overhang, 
Ao (with Al being the shce thickness) are related as: Ao =Al*cot0 [2]. The process 
specific maximum value of the angle 9 is called the overhang angle. It is an inverse 
function of the slice thickness and also depends on the surface tension of the deposited 
material. Figure 2 shows the relationship between the layer thickness, the surface normal, 
the build direction and the overhang angle. 

Slices 

Al 

Surface Normal Nominal Surface Build Direction 

Figure 2: Relationship between the overhang angle, the slice thickness, the surface normal 
and the build direction. 

Other constraints which restrict support-less part deposition are the machine 
kinematics and the bounding volume of the deposition mechanism. The effect of both 
these constraints is manifested by the need for support structures. This is discussed in 
greater detail in the next section. 

4.0 Process Planning Challenges and Solutions 

In MDLD, support-less fabrication of parts is facilitated by changing build 
directions so that the overhang angle between the layers is not exceeded. The discussion 
in the previous section explained the conditions under which an overhanging layer 
requires supports. 
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Figure 3 provides an overview of the process planning tasks in MDLD. The first 
task in MDLD is setting the orientation of the part relative to the deposition table. This is 
followed by two computational tasks which comprise the core of MDLD process 
planning. The first of these is determining the extents of the part volume which can be 
deposited along a certain build direction. The second task is the estimation of a new build 
direction in the event a part cannot be deposited completely along one direction. The 
change in build direction is realized by re-orienting the part using a multi-axis deposition 
table or by moving the nozzle mounted on a multi-axis robot arm. In either case the 
direction of deposition is perpendicular to the deposited layers. Together, these tasks are 
used to decompose the part into smaller volumes which are deposited along the 
associated build directions. These tasks are usually carried out recursively. In the ideal 
case part decomposition enables support-less fabrication. However, real world MDLD 
systems are constrained by limited freedom of motion and the likelihood of collisions 
during the deposition process. Depending on the part geometry, sacrificial supports may 
be required. The volume of sacrificial supports can be minimized by appropriately 
choosing an initial orientation of the part relative to the deposition table. 

After part decomposition, build direction determination and support structure 
generation are completed the part is sliced. This is succeeded by the generation of 
deposition path patterns (path planning). 

CAD Model 

Part Orientation 

Build Direction Estimation        4 

No 

Support Structure 
Generation 

Part Decomposition 
Yes 

Slicing 

Path Planning 

Figure 3: Sequence of Process Planning Operations for IVIDLD 
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In the following sections, we review the research in the development of 
algorithms for the following process planning tasks: 

• Part Orientation 
• Part Decomposition and Build Direction Determination 
• Slicing 
• Deposition Path Generation 

Where literature is not available, we list the likely computational problems in the 
solution to the respective process planning task. 

4.1 Part Orientation 

Part orientation in LM literature refers to the orienting the part relative to the 
deposition table. The computational challenge in this process planning task is the search 
for a build direction along which either the build time is minimized or the part's surface 
quality is maximized. A summary of the literature concerning LM part orientation is 
provided in [7]. 

In the context of MDLD, this task is complex due to multiple build directions 
assigned to smaller part volumes. Setting up metrics such as improved part quality or 
reduction in build time must take into account the kind of part decomposition algorithms 
employed. Furthermore, the choice of initial orientation can also influence collisions 
between the deposited layers and the MDLD mechanism. 

Literature concerning MDLD part orientation is scant. One of the efforts is due to 
Fekete and Mitchell [5] with the object of minimizing the number of build directions. 
This, according to the authors will improve surface quality at the interface of the part 
volumes. The computational problem is shown to be NP-hard for 3D parts of genus 0. 
Factors such as collisions are not considered. 

4.2 Part Decomposition 

As previously mentioned, in this process planning task the extent of a part volume 
which can be deposited along any given build direction is determined. The build direction 
itself is an input. We shall refer to a part volume that can be deposited without supports 
along a chosen build direction as a buildable volume. Various algorithms have been 
proposed to disjunction parts into buildable and unbuildable part volumes. These 
algorithms either use a CAD model or slices of a CAD model as input. Before reviewing 
the research on part volume decomposition, we discuss two relevant process 
characteristics of MDLD namely the deposition of non-planar slices and the effect of 
collisions on support-less part deposition. 

MDLD processes have the ability to deposit non-planar slices. These are offsets 
of a base surface and are parallel to each other. Figure 4 shows the geometry of these 
slices. Figure 4a show the base surface in red. The part is deposited using offsets of this 
base surface (ref. Figure 4b). The build direction is along the surface normal. Such slices 
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are referred to as transitional walls [18], conformal layers [12] or offset slices [13][14] in 
literature. 

Base 

(a) (b) 

Figure 4: Non-planar slices - offsets of the base surface 

The second process characteristic of MDLD is the effect of collisions during the 
deposition process. Collisions occur due to the finite volume of the MDLD apparatus and 
limitations in machine kinematics. To avoid collisions, especially for smaller part sub- 
volumes, support structures are deposited. Most research efforts employ concepts such as 
the visibility maps of surfaces [6] to detect collisions. 

4.2.1 Review of Part Decomposition Algorithms 

Part decomposition for 2.5D LM machines retrofitted for MDLD is discussed in 
[11] and [17]. In [11] the part is deposited in two opposite directions and consequently 
there are two part sub-volumes. The part is decomposed using a plane. The need for 
supports is determined using the castability analysis [3] for 2 mold parts. The MOD 
process [17] has two nozzles mounted perpendicular to each other. The part 
decomposition algorithm in MOD uses a sliced CAD model as input. The computation of 
unbuildable slice regions is accomplished by performing the Boolean difference 
operation between two successive layers. If the overhanging region (result of the Boolean 
difference) exceeds the process specific overhang angle it is termed as a macro-overhang 
and is deposited using offsets of the base surface. The process is shown in Figure 5. The 
authors do not account for collisions during the deposition process. 

] 

Macro-overhang 

(a) CAD model (b) Sliced CAD model (c) Deposition of overhang 

Figure 5: Deposition of Macro-overhangs in the MOD process [17]. 

Part decomposition algorithms and associated analysis for processes specifically 
designed for MDLD can be found in [5] [13] [14] [18]. In [13] the authors assume a 
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deposition nozzle mounted on a generic 6-axis manipulator. The part decomposition 
algorithm uses the CAD model and the build direction (B) as inputs. The overhang is 
restricted to 90 degrees. Silhouette edges associated with the negative of the build 
direction (-B) on the faces of the CAD model bound regions which are unbuildable 
(based on the overhang criterion). The surface regions bounded by the silhouette edges 
are swept along the build direction to create a (swept) volume. The unbuildable volume is 
obtained by intersecting the swept volume with the input CAD model; the difference 
gives the buildable volume. Figure 6 demonstrates an example of the approach taken in 

[13]. The silhouette edges of the part along -B are identified (ref Figure 6b) and the 
resultant buildable and unbuildable part volumes are shown in Figure 6c. 

B" 

(a) CAD Model (b) Silhouette Edges (c) A -> Buildable Vol., B -> Unbuildable Vol. 

Figure 6: Part decomposition approach taken in Q. 

The analysis in [13] assumes planar slices. An extension to offset or conformal 
slices is presented in [14] which is restricted to extruded part geometries. 

In [18] the authors present a process planning framework for the 5-axis Rapid 
Metal Forming process. This is an additive-subtractive MDLD process [19]. The authors 
use an adaptive slicing algorithm in which the slice planes are not parallel to each other. 
Consequently, the slices have non-uniform thicknesses (ref Figure 7). The slice planes 
are chosen to conform to the geometric continuity of the part. Regions between two slice 
planes are the buildable part volumes. The associated build direction is the normal to the 
lower slice plane. The deposition of such slices is done in two stages. First, slice(s) of 
uniform thickness are deposited with extra material. These are then shaped using a 5-axis 
CNC machine. This ensures that the final part has increased accuracy as surfaces of the 
final part are a first order (tangent) approximation of the CAD model. 

Slice Plane - i + 1 

Normal to Slicei- Build Direction 

Slice Plane - i 

Figure 7: Deposition of Slices with non-uniform thickness [18] 
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In the case of large overhangs, such as shown in Figure 5, the authors deposit the 
part using transitional walls (offset slices). 

4.3 Build Direction Determination 

This process planning task assigns a build direction to an unbuildable part 
volume. Unbuildable part volumes resuh from part volume decomposition. In [11][17], 
where only a limited set of build directions is possible, this process planning task is 
trivial. In processes specifically designed with MOLD capabilities, all feasible build 
directions must be identified. If the angle between a vector and all surface normals of the 
(unbuildable) part boundary is less than the overhang angle it is considered to be a 
feasible build direction. In [13][18] the authors use spherical maps [6] to represent the set 
of all feasible build directions. The best build direction is chosen by minimizing metrics 
such as the average weighted cusp height [1]. 

4.4 Slicing and Deposition Path Generation 

Multiple degrees of freedom in MDLD permit the deposition of both planar and 
non-planar slices. Planar slices are deposited along their respective build directions. The 
path planning for material deposition proceeds along the same lines as in 2.5D LM. The 
reader is referred to [9] for more details. 

As mentioned in Section 4.2, non-planar slices are offsets of a base surface and 
are parallel to each other. The slice thickness is measured along the surface normal. 
[12][13][14][18] propose to use the deposition direction of the base substrate to generate 
the deposition patterns for offset slices. Figure 8 shows the approach using an example 
part. The build direction for the base surface (Bbase in Figure 8a) is pre-assigned. The 
deposition paths for an offset slice (ref. Figure 8b) are generated by intersecting it with 
planes aligned along the build direction of the base surface. The distance between two 
contiguous planes is equal to the slice thickness. The number of the planes depends on 
the span of the base surface along its build direction. 

(a) Offset Slices of a CAD model 
(b) Deposition Patterns for an offset slice 

Figure 8: Deposition Path Planning for Offset Slices 
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• 

5.0 Summary 

In this paper we have reviewed literature on the process planning tasks involved 
in multi-direction layered deposition. Some of these processes are still being developed 
and the associated process planning methodologies are being actively researched. MDLD 
consolidates the advantages offered by layered manufacturing by limiting the need for 
supports. Further development is likely to be driven by the need for fiilly functional, 
custom manufactured metal parts. 
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Abstract 
Stereolithographic technologies create parts in thermoset plastic polymeric mixtures of 

acrylates and epoxies. In order to predict the mechanical behavior of these parts, it is critical to 
understand the effects that build parameters have on the final properties of the polymer. Using a 
statistics based approach, the build parameters of layer orientation, layer thickness, and resin 
class are used as inputs. The response variables, peak stress, elongation at break and Young's 
modulus (modulus of elasticity), are examined using the methodology specified in ASTM D638- 
01 with modifications as noted. An initial test in Somos 8120 showed the surprising (and 
statistically significant) result that load bearing capability in the build direction was greater than 
in the in-layer direction. Additional tensile tests in Somos 8120 and Vantico SL-5510 were 
undertaken to verify this result, and determine if this effect is present across different classes of 
resin. This report details the rationale behind this experiment, presents the results to date, and 
outlines fiiture efforts. 

1.0    Introduction 
It is reasonable to assume that material property anisotropies exist due to the nature of layer- 

based fabrication processes. A sizable body of published work shows material anisotropies in 
the Fused Deposifion Modeling (FDM) [1], and Selecfive Laser Sintering (SLS) [2][3] 
technologies; however, there is not a corresponding sizable body of published work with respect 
to stereolithographic (SLA) processes and photopolymers. Some qualitafive discussions of the 
stereohthography materials in the early 1990's recognized that material anisotropies were likely; 
however, the differences should not be statistically significant. There does not seem to be a 
quantitative work in the public record to verify this supposition, though there may be information 
in the proprietary domain. 

As part of a larger effort to characterize SLA materials, a simple screening experiment was 
performed.   The intent was to verify that the expected material anisotropy based on the 
relationship of build direction to tensile loading direcfion was small enough (i.e., statistically 
insignificant) that we could build tensile test coupons in any convenient orientation within the 
vat. 

Stereohthography processes build parts by irradiating a homogeneous photopolymer resin in 
liquid form. The irradiating energy is provided by an ultra-violet laser. The photoinitiators in 
the resin system are formulated to react to the specific wavelength of the laser and initiate a 
polymer chain addition reaction when irradiated. An optic system focuses the laser energy to a 
discrete spot on the surface of the liquid resin.   Laser spot location and motion are controlled 
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through the mirror and galvanometer set. By vector scanning the laser spot, a line of solidified 
material is formed. Successive overlapping vector scans create a series of bonded lines to form a 
layer. A second series of vector scans, moving the laser spot in a series of overlapping scans 90° 
from the previous direction, helps ensure complete reaction of the material, and formation of a 
good intra-layer bond. 

A 3-dimensional object is created by bonding layers together. Subsequent layers are created by 
depositing additional resin on the surface of the previous layer, and repeating the hatching and 
filling processes. The laser energy solidifies the current layer as described above, but some 
energy is imparted to the previous layer. This energy causes a slight overcure of the previous 
layer, and causes the inter-layer bond to develop. 

The solidified lines that form a single layer are irradiated in an overlapping pattern within a 
short time frame. This should have the effect of initiating very high levels of cross-linking 
between the individual scan lines within a layer. High levels of cross-linking would seem to 
indicate high strength. The inter-layer bonding is initiated by the 'left-over' energy not absorbed 
by intra-layer cross-link formation. The energy feh at the liquid / solid interface should be more 
variable than that felt in the liquid. Since the solidified layer has already developed a cross-link 
network, the number of potential cross-linking sites for inter-layer bond formation should be 
substantially less than the number available for intra-layer bonding. These two factors should 
lead to the intuitive conclusion that intra-layer strength is superior to inter-layer strength. 

2.0    Experimental Method 
Three sets of experiments were performed in this study: (1) a screening experiment in Somos 

8120; (2) a more in-depth experiment in Somos 8120; and (3) a validation experiment in Vantico 
SL-5510. For the first two experiments, the test coupons were buih in an SLA-3500 using the 
standard "Fast" build style. The test coupons for the validation experiment were built in an SLA 
Viper Si^ using the standard "Exact" build style in the low-resolution mode. Both of these SLA 
machines use Nd:YV04 laser systems with output wavelengths of 355 nm, and all of the test 
coupons were built from the same series of .stl files. In all three experiments, testing was within 
24 hours of fabrication. 

2.1 Screenine Experiment in Somos 8120. For the initial screening experiment in DSM 8120, 
three sets of thirty-six samples were tested. (1) Built flat in the XY plane - Flat group; (2) 
edgewise in the XY plane - Edge group; and (3) standing along the Z-axis - Standing group. 
We were not able to gather valid data with respect to the peak stress, elongation at break mid 
modulus of elasticity of the Standing group; however, we were able to gather valid data with 
respect to ultimate load for all three groups. We chose to use ultimate load as a proxy value for 
the peak stress in comparing the three groups. 

Given the use of the ultimate load as a proxy for peak stress, and the surprising result, we felt it 
prudent to replicate the experiment, gather valid data for peak stress, elongation at break and 
Young's modulus, and reexamine the resuh. Realizing that the Flat and Edge groups were 
simply variations on a theme, and recalling that maximum shearing stress occurs on a 45° offset 
plane [4], we redefined the sample orientation set to include in-plane, transverse, and shear 
loaded samples. 
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2.2 Second experiment in Somos 8120. For this experiment, we considered three orientations 
designated as Flat (in-plane), Standing (transverse), and Angled (shear). The three orientations 
are illustrated in Figure #1. 

Figure 1. The three representative sample orientations with respect to the XYZ frame 

We arrived at these three orientations by using the following rationale. The primary axes and 
45° offsets from the primary axes combine to describe seven (7) unique orientation vectors. If 
we allow one degree of freedom, a 90° rotation around the vector axis, we create fifteen (15) 
unique sample orientations. We see that these fifteen sample groups represent five distinct inter- 
layer orientations with respect to the "longitudinal - long transverse - short transverse" frame of 
the individual samples. Each of these five inter-layer orientations is comprised of three sample 
groups. 

Within these five orientation plane groups, there are three primary groups - "Long-LT" and 
"Long-ST" orientation planes are both "In-plane" with respect to the loading direction, both "A" 
and "B" orientation planes are "shear," and the "LT-ST" orientation plane is "transverse." 
Figure #2 provides a graphical representation of the five distinct inter-layer orientations and their 
subsequent grouping into the three primary groups denoted. Any single group within a particular 
primary group (In-plane, transverse, or shear) should provide a reasonable representation for all 
of the groups within the same primary group. This supposition is borne out by the resuh of the 
initial experiment that showed a consistent result within the two in-plane loaded groups (groups 
Flat and Edge). Based on this evidence and our convenience, we chose the Flat, Standing, and 
Angled groups for use in subsequent experiments. 
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Figure 2: Inter-layer bonding plane relative to Long -LT- ST frame 

23 Validation Exveriment in Vantico SL-5510. For the validation experiment in Vantico SL- 
5510, we fabricated 12 test coupons for each of the same primary groups tested in the second 
Somos 8120 experiment. Post-processing, curing, and testing were consistent with the standard 
methods and uniform across each experiment. 

2.4 Methods and Apparatus. While exposure to background UV, relative humidity and heat have 
been shown to affect the properties of parts fabricated in the stereolithography process, we have 
not sought to control them in this study. The broad spectrum of users neither actively nor 
consistently controls these factors. One of the purposes of this research is to examine what the 
user would see outside of the standard conditions. The ASTM standard is designed to provide an 
"apples-to-apples" comparison of materials - control as many factors as possible and allow the 
response variable to be driven overwhelmingly by the factor of interest. This is a valid scenario, 
but it does not necessarily represent what the user in the field will experience. 

Similarly, the ASTM D638 standard prescribes fabrication of the test coupons by either die 
cutting or machining from flat material (e.g., sheet), or by molding. Neither of these matches the 
SLA process particularly well - generally, SLA parts are made to net shape and used. There 
may be some surface finishing or treatment, but mostly the surfaces are used as fabricated. By 
fabricating the test coupons to net shape, we leave the edge effects extant. So, we have chosen to 
examine those factors (layer orientation, layer thickness, and resin selection) that the user 
actively controls. For the purposes of this experiment, we do conform to the specifications found 
in the ASTM standard (coupon form and dimensions, strain rates, etc) not discussed above. 
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We have discussed layer orientation in the section above, the other parameters of interest are: 

Layer thickness (Quantitative) - This is a discrete parameter that can be set at one of 
three values - .002 inches, .004 inches, or .006 inches. 

Resin Class (Qualitative) - This refers to the general class of materials represented by 
each of the subject resins. 

Layer thickness is a user selectable parameter based on the build style chosen. Advanced users 
have the capability to create and tailor custom build styles. Like vat orientations, the potential 
number of different styles that can be created is unlimited. For the purposes of approximating 
typical user resuks, we limit our build styles and, consequently, layer thickness to those provided 
by the resin manufacturers. 

Resin Classes - There are three classes of material in the stereolithography process: 
polyethylene-like / polypropylene-like (PE/PP); general purpose; and ABS-like.    Each has a 
different combination of rigidity and durability properties. Parts made from PE/PP - like resins 
have low rigidity and high durability while GP resins yield high rigidity and low durability. 
ABS-like materials are highly rigid and highly durable. 

The chemical composition of the resins within classes is similar, so a commonly used resin 
should provide a good representation of its class; however, there are differences in chemistry 
between the classes. Differences in the cross-linking reaction are a potential cause for differences 
in the material properties. By using a representative resin from each class, we seek to gain data 
that will help us define this phenomenon as being process related, chemistry related, or an 
interaction of process and chemistry. For our purposes we will use these resins to represent the 
three classes. 

General purpose (Epoxy Acrylate): Vantico SL-5510 
Polyethylene-like: DSM Somos 8120 
ABS-like: Vantico SL-7560 

The particular formulations and compositions of the resin systems are proprietary. A review of 
the constituents of the resin systems shows, even without a precise delineation of constituents, 
that the materials are dissimilar enough in nature to allow us to declare them to be different [5], 
[6]. This is borne out by an examination of the experimental data values. The differences in the 
measured loads, stresses and elongation are large enough to see by observation without need for 
comparison of the mean values by statistical methods. 
After fabricating the test coupons and post-processing them according to standard practice, we 

subjected the coupons to tensile testing in an Instron Tensile Tester model 4466. The standard 
manufacturer provided software (Instron Series IX Automated Material Tester - version 8.11.00) 
was used for reporting of the pertinent data. 
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Figure 4: Instron tensile testing set-up 

2.5 Statistical methods. The tensile testing data was subjected to Analysis of Variance 
(ANOVA) for a fixed effects model per standard and accepted methodologies [7]. As a short 
review - ANOVA allows us to partition the total variability of the data into its component parts. 
In our experiment, these components are: (1) the variability between groups due to differences in 
treatment, and (2) variability within a particular group due to random error. Dividing the 
components by the degrees of freedom, we have an estimated sample variance of each 
component. The estimate of the sample variance between treatment groups is denoted MSt, and 
the estimate of the sample variance within groups due to random error is denoted MSe. 

Applying Cochran's theorem, we compare the two components. If the null hypothesis, (that the 
treatments are equal) is true, then the estimated sample variances should both be independently 
distributed Chi-square random variables. The ratio of the two components is distributed as an 
"F" statistic. Standard "F" test tables give a reject value based on the level of confidence, the 
degrees of freedom of the treatments, and the degrees of freedom of the random errors. 

Our test statistic is derived by taking the ratio      MS, / MSe.   Any value of this test statistic 
greater than the standard table value allows us to reject the null hypothesis. If we cannot reject 
the null hypothesis, then performing a contrast gives us no additional information.     We have 
chosen a 1% level of confidence - meaning that the probability of falsely rejecting the null 
hypothesis as a result of this comparison to the standard table values is less than 1%. 

Since we are testing more than two distinct groups within each material property and class, a 
rejection of the null hypothesis would require further analysis contrasting each possible pair of 
treatment groups. This gives us additional information regarding the sources of the differences 
between the individual groups, and relationships between the groups. 
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3.0 Experimental Results 
3.1 Screening Experiment. For the initial screening experiment, an analysis of variance of the 
ultimate load data associated to Figure #5 showed that we were able to reject the initial 
hypothesis - that build direction anisotropies were not significant in load carrying capability - 
with a much less than 1% chance of falsely rejecting. The test statistic value needed for the 1% 
chance of false rejection was 4.98 (or greater). Our analysis of experimental data yielded a test 
statistic of 57.81 - an order of magnitude greater than the "reject" value. 

Contrasts of the Flat, Edge and Standing data groups showed a statistically significant 
difference between the Flat and Standing groups, and between the Edge and Standing groups. 
The Flat and Edge groups did not demonstrate a statistically significant difference.   These 
contrasts make sense. 
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Figure 5: Load carrying capability data for the initial experiment 

The difference in means between the Flat and Edge groups is less than 5%, and all of the data 
values of the Edge group fit between the high and low extremes of the Flat group. On further 
examination, one can see that both the Flat and Edge groups experience in-plane loading during 
tensile testing. This is not where one would anticipate the anisotropy to be evident. Rather this 
is an expected result of comparing two variations of in-plane loading samples. 
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The difference in mean of the Standing group with respect to the means of the Flat group and 
the Edge group is +25% and +20%. It is not surprising to see differences between the mean of 
the transverse loaded Standing group and the means of the in-plane loaded Flat and Edge groups. 
This is where one would expect to see evidence of an anisotropy; however, it is surprising that 
the mean of the Standing group exceeds the means of the Flat and Edge groups by fairly large, 
and statistically significant, percentages. 

3.2 The Second Experiment in DSM 8120 material yielded a similar result with additional 
information. In this experiment, we examined three hypotheses based on the loading direction 
versus build layer orientation relationship, namely this relationship would not cause statistically, 
significant anisotropies in Peak Stress, Young's Modulus, and Elongation at Break for test 
coupons aged less than 24 hours. Also, when an anisotropy was identified, a contrast of the data 
groups was undertaken. A summary of the test data and contrast results is provided in Figure #6. 
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Figure 6: Summary of 8120 data for the second experiment 

Peak Stress - The analysis of variance for the peak stress data showed that we were able to 
reject the initial hypothesis - that build direction anisotropies were not significant in peak stress - 
with a much less than 1% chance of falsely rejecting. The test statistic value needed for the 1% 
chance of false rejection was 5.39 (or greater). Our analysis yielded a test statistic of 24.96 - an 
order of magnitude greater than the "rejecf value. 

A statistical contrast of the two peak stress data groups with the least difference in means, the 
Flat and Angled groups, showed statistically significant differences between those groups. 
Contrast bears out a statistically significant difference between the Flat and Standing groups as 
well. The Angled and Standing groups were contrasted as well. These two also proved to have 
statistically significant differences. In all of the contrast cases, the test statistic values were an 
order of magnitude greater than the required rejection value, and each of the groups was different 
from the others with respect to the Peak Stress property. 

Young's modulus - An analysis of variance for the Young's modulus data showed that we were 
able to reject the initial hypothesis - that build direction anisotropies were not significant in 
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Young's modulus - with a much less than 1% chance of falsely rejecting. The test statistic value 
needed for rejection was 5.39 (or greater). Our analysis of the experimental data yielded a test 
statistic of 38.78 - again, an order of magnitude greater than the "reject" value. 

Contrasting the groups Flat and Angled, we see a statistically significant difference in the 
Young's modulus.   Subsequent contrast of the remaining two possible comparisons shows that 
they are different as well with respect to the Young's modulus property. 

Elongation at Break - The initial analysis of variance of the entire data set of three groups 
shows that we can reject the hypothesis - that build direction anisotropies were not significant in 
Elongation at Break - with a less than 1% chance of falsely rejecting that premise.  The test 
statistic value needed for the 1% chance of false rejection was 5.39 (or greater). Our analysis of 
experimental data yielded a test statistic of 10.45. 

In this case, the Flat and Angled groups showed the largest difference in the group means. The 
least difference in means was between the Standing and Angled groups. The test statistic for the 
Standing and Angled contrast was 3.09 versus a minimum reject value of 7.95 - we cannot reject 
the hypothesis based on differences in these two groups. A similar result occurs with the 
Standing and Flat groups - the test statistic is 5.14 versus a reject value of 7.95 or greater. Only 
in the contrast of the groups with the largest difference in means, groups Flat and Angled, do we 
have a test statistic sufficiently large (46.66) to reject the null hypothesis. 

3.3 Validation Experiment in Vantico SL-5510 - As noted in the Experimental Method section, 
the suspected material property anisotropies may be related to the chemical composition of a 
particular class rather than being process related, or evident across all classes. A similar series of 
tests were run using net-shaped coupons fabricated from Vantico SL-5510 resin. A similar result 
in this material may give an indication that the effect is process related. 
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Figure 7: Summary of test data and contrast results in Vantico SL- 5510 resin 
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Peak Stress - The analysis of variance for the peak stress data showed that we were able to 
reject the initial hypothesis - that build direction anisotropies were not significant in peak stress - 
with a much less than 1% chance of falsely rejecting. The test statistic value needed for the 1% 
chance of false rejection was 5.39 (or greater).   Our analysis of yielded a test statistic three 
orders of magnitude greater than the "reject" value. 

A statistical contrast of the two peak stress data groups with the least difference in means, the 
Standing and Angled groups, showed no statistically significant differences between those 
groups. The test statistic for these two groups was .05 versus a reject value of 7.95 or greater, 
and the hypothesis that the two treatment means are different cannot be rejected. Contrasting the 
two remaining sets leads to the rejection of the hypotheses in both cases. The Standing and Flat 
contrast and the Angled and Flat contrast reject the hypothesis with test statistics of 49.22 and 
71.17, respectively. 

Young's modulus - Similarly, an analysis of variance for the Young's modulus data showed that 
we were able to reject the initial hypothesis - that build direction anisotropies were not 
significant in Young's modulus - with a much less than 1% chance of falsely rejectirig. The test 
statistic value needed for the 1% chance of false rejection was 5.39 (or greater). Again, the 
analysis yielded a test statistic three orders of magnitude greater than the "reject" value. 

Group contrast results are summarized in Figure #7. Even though the ANOVA of the full data 
set rejects the hypothesis with a test statistic much larger than the required reject value, we see 
that two of the contrasts do not show a statistically significant difference between treatment 
means of the groups under consideration. Neither the Angled and Standing contrast nor the Flat 
and Standing contrast is capable of rejecting the hypothesis. In these two contrasts, the test 
statistics were .94 and 2.33, respectively while the reject value was 7.95 or greater. 

Elongation at Break - The initial analysis of variance of the entire data set of three groups 
shows that we can reject the hypothesis - that build direction anisotropies were not significant in 
Elongation at Break - with a less than 1% chance of falsely rejecting that premise. The test 
statistic value needed for the 1% chance of false rejection was 5.39 (or greater). Our analysis of 
experimental data yielded a test statistic of 15.75 - nearly a factor of 3 greater than the "rejecf 
value. 

In this case, both the Flat and Angled group contrast and the Flat and Standing group contrast 
generated test statistics sufficiently large to reject the hypothesis. The test statistics generated 
were 24.06 and 32.96, respectively, versus reject statistic of 7.95 or greater. The test statistic for 
the Standing and Angled contrast was .04 versus a minimum reject value of 7.95 - we cannot 
reject the hypothesis. 

Summary of results - Statistically significant material anisotropies related to build orientation 
were shown for the Peak Stress, Young's modulus and Elongation at Break properties of net 
shaped test coupons fabricated using the Stereolithography process. This anisotropic effect was 
seen in two chemically different classes of material. 
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4.0    Conclusions 
The initial screening experiment yielded two results: First, that there is a statistically significant 

anisotropy in the ultimate load carrying capability as a result of the relationship between build 
orientation and loading direction; and secondly, that the intuitive solution that the in-plane (Flat) 
property would be superior to the transverse plane (Standing) property was found not to hold in 
this case. The first result may be expected, but the second result is somewhat of a surprise. 

The second experiment confirmed the finding of the first experiment and amplified the finding 
by yielding data on the Peak Stress, Young's modulus, and Elongation at Break properties. The 
in-plane loaded (Flat) coupons showed the lowest Peak Stress and Young's modulus and 
exhibited the greatest Elongation at Break. The transverse loaded (Standing) coupons showed 
the highest Peak Stress and Young's modulus while the least Elongation at break was found in 
the shear loaded (Angled) orientation. 

The third experiment set had a similar finding - statistically significant anisotropies in Peak 
Stress, Young's modulus, and Elongation at Break - in a different class of material. Again the 
in-plane loaded (Flat) coupons showed the lowest Peak Stress and Young's modulus and 
exhibited the greatest Elongation at Break; however, in this trial, the transverse loaded 
(Standing) and shear loaded (Angled) coupons switched rankings. The shear loaded (Angled) 
coupons showed the highest Peak Stress and Young's modulus while the least Elongation at 
break was found in the transverse (Standing) loaded orientation. 

The similar results with regard to the in-plane loaded coupons (Flat) across all three trials may 
be an indication of a process driven effect. The switching of ranks of the transverse loaded 
(Standing) and shear loaded (Angled) coupons in the results of the second and third experiments 
may be an indication of some process-chemistry interaction. The only two orientations that were 
found to be statistically different in every contrast, regardless of material, were the shear loaded 
(Angled) and in-plane loaded (Flat) orientations. 

These resuhs support the existence of a process driven effect with respect to tensile properties 
as a function of build orientation. Also, the data suggests that there may be a secondary process- 
chemistry interaction. 

5.0    Future work 
The next series of experiments will seek to verify the process driven effect by testing the third 

class of material. As noted, we will be using Vantico 7560 to represent the ABS-like class of 
materials. Other materials run on equipment other than our own, my yield additional 
information. In addition, to gain further information on the process driven effect, we will be 
testing coupons buih in 7110 on a HeCd laser system. Given the proprietary nature of the 
materials, verification of a process-chemistry interaction could be quite difficult to verify. 

Also, we will be checking this effect at various stages of material aging to determine if it is 
consistent across time, or simply transient. 
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Abstract 

This paper presents a solid freeform fabrication (SFF) technique based on micro-plasma powder 
deposition (MPPD). The relationship between the geometric features of the deposited layers and 
the welding parameters is investigated. The arc length is controlled through the monitoring of the 
arc voltage. The result of building parts with functionally graded components by the MPPD 
process is shown as well. The microstructure and the properties of the deposited layers are 
analyzed. The experimental results show that the MPPD process is a promising welding-based 
solid freeform fabrication technology. 

Introduction 

Successfully responding to the ever changing and continually increasing high demands of 
today's global markets requires the rapid product development and manufacturing of new 
designs. Visualization tools often play a major role in taking an idea from the initial concept 
through the design phase, and into the final product development process. The following terms 
are often used interchangeably when referring to rapid prototyping technology: solid free-form 
fabrication, desktop manufacturing, layered manufacturing, and tool-less manufacturing. Solid 
freeform fabrication is one of the fastest growing automated manufacturing technologies that 
have significantly impacted the length of time between initial concept and actual part fabrication. 
However, to fiiUy realize the potential cost and timesavings associated with rapid prototyping, 
the capacity to go from CAD models directly to metal components and tooling is crucial [1]. The 
use of arc welding to create freestanding shapes was established in Germany in the 1960's [2]. 
Companies such as Krupp, Thyssen, and Sulzer developed welding techniques for the fabrication 
of large components of simple geometry such as pressure vessels that can weigh up to 500 tons 
[3]. Other work in this area was undertaken by Babcock and Wilcox [4] who worked mainly on 
large components produced in an austenitic steel material. Also, work by Rolls-Royce has 
centered on investigating three-dimensional welding as a means of reducing the waste levels of 
expensive high-performance alloys that can occur in conventional processing. They have 
successfully produced various aircraft parts of nickel-based and titanium-based alloys. Research 
work on the welding-based rapid prototyping continues at universities and institutes such as the 
University of Nottingham, UK [5], the University of Minho, Portugal, the University of 
Wollongong, Australia [6-7], Southern Methodist University, USA [8-9], Korea Institute of 
Science and Technology and Hongik University [10], Indian Institute of Technology Bombay 
and Fraunhofer Institut Produktionstechnik und Automatisierung [11]. Most of the research work 
in this area is based on gas metal arc welding (GMAW) [3, 5, 6-8, 10] or gas tungsten arc 
welding (GTAW) [9]. 
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The, plasma arc technique is the only arc-welding process that is capable of achieving the energy 
density required for "keyhole" penetration - full penetration. However, high penetration keyhole 
welding is not the only capability of plasma arc welding. It can also be used as a low penetration 
weld surfacing technique. In this form it is commonly known as plasma transferred arc (PTA) 
surfacing or cladding. Being a modem advanced technology, PTA surfacing/cladding is widely 
used to coat details in high-risk functional areas with special materials that are resistant against 
intensive wear, corrosion, thermal, and percussive loading. Compared with conventional arc 
surfacing technologies, the PTA offers [12]: 

1. A high deposition rate up to 10 kg/h; 
2. A minimum losses of filler material; 
3. A high quality of deposited metal; 
4. A minimum penetration into the base metal (< 5%); 
5. Deposits between 0,5 - 5,0 mm thickness and 3,0 - 50,0 mm width can be produced; 

rapidly in a single pass; 
6. Fe-, Ni-, Co-, Cu- base alloys as well as composite materials can be clad. 

In a competition with the laser surfacing/cladding, the PTA technology offers much higher 
productivity, a comparably higher quality of deposits and significantly lower costs. A PTA 
powder surfacing/cladding system (including power source, nozzle, and powder-feeding system) 
usually is about one-tenth the cost of a laser-based powder surfacing/cladding system. 

In recent years, a number of researchers have paid more attention to the PTA surfacing/cladding 
technology. Matthes et al. [13-14] found that plasma-arc powder surfacing with the pulsed arc is 
a further development of shape welding that considerably reduces the thermal deformation of the 
component. The deformations and residual stresses caused on flat components by the intensive 
heat input during shape welding exert a negative influence on the component properties, 
particularly in the case of multi-pass weld surfacing. Dilthey et al. [15] developed a combined 
plasma-arc powder surfacing technique. It was a development from plasma-arc powder surfacing 
and plasma spraying. The advantages of the combined plasma-arc powder surfacing technique 
were less penetration depth and dilution, better mechanical properties of the surfacing weld, 
smaller heat-affect zone, and improvement in the possibility for isothermal heat input. 
Draugelates et al. [16-17] developed a plasma-arc powder nozzle and optimized the processing 
parameters with regard to heat input and powder delivery for the heavy-duty torch. It turned out 
that extensive coatings could be economically produced in one layer with dilution under 10%. 
They also implemented a two-powder plasma-arc surfacing process to manufacture anti- 
corrosion and anti-wear surfacing reinforced with oxide ceramics. So, plasma-arc-based 
deposition has been successfully used in cladding and surfacing. However, no literature has been 
found on the research topic - solid freeform fabrication based on plasma/micro-plasma powder 
deposition process. This paper investigates the feasibility of applying a micro-plasma powder 
deposition for solid freeform fabrication. 

Experimental set-up 

Micro-plasma arc welding is a kind of plasma arc welding (PAW) using low current and a 
specially designed welding torch. PAW usually works in two basic methods: transferred and 
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non-transferred arc modes. A flowing plasma gas is provided through the center of the torch and 
exits through a copper nozzle. When an arc is established between the tungsten electrode 
positioned within the body of the torch and the copper nozzle, the gas is ionized, forming high- 
temperature plasma. The arc can be transferred to the workpiece where the intense heat causes 
fusion, and a weld is produced. With compression of the copper nozzle, the energy density of the 
micro-plasma arc becomes much higher, and the arc diameter and the HAZ become much 
smaller than that in a conventional welding arc such as a GTAW arc. So, micro-plasma welding 
applications often overlap with laser welding applications. The working principle of micro- 
plasma metal powder deposition is shown in Figure 1. A transferred plasma arc exists between 
the torch nozzle and the substrate, and generates a molten pool on the surface of the substrate. 
The metal powder is fed into the molten pool by the carrier gas (argon) through the powder feed 
nozzle. Then, the fed powder is melted under the high temperature of the plasma arc. With the 
moving away of the plasma arc, the molten metal solidifies to form a deposited layer. 

feed torch. 

Tonli. 
nozzle. 

ShieU; 

PtnvdeT feed nozzle 

Flag ma axv 

Siibstrate 

Fig. 1 Schematic diagram of micro-plasma powder deposition 

The developed MPPD rapid prototyping system is shovm in Figure 2. It consists of two axes in 
vertical position (Z axis and R axis), one axis in the horizontal position (X axis), two powder 
feeders, a powder feeder controller, a MPPD torch, a micro-plasma welding power source, a 
motion system controller, and a computer. The Z-axis is used to lift the welding torch up with 
the increase of the deposited wall during the deposition process. The three-dimensional part is 
built on a substrate that is fixed on a rotating axis, the R-axis. The R-axis is attached to the X- 
axis in the horizontal position. By controlling the movement of the X-axis in the depositing 
process, a part with a variable diameter can be obtained. The two powder feeders can be 
controlled at different powder feeding-rates, respectively. So, powders with different 
compositions can be deposited to build parts with functionally graded compositions. 

Substrate Preheating 

Compared with the subsequent deposited layers, the first deposited layer has unique deposition 
conditions: the deposition base is the surface of a substrate (in this paper the dimensions of the 
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substrate are: outer diameter, 25 mm; iimer diameter, 14 mm; height, 10 mm) at room 
temperature (25 °C). The subsequent layers are deposited on the surface of a previously 
deposited layer that is heated up to around 1000 °C. When a temperature gradient exists in a 
body, the heat energy is transferred by conduction. The heat-transfer rate per unit area is 
proportional to the normal temperature gradient: 

q/A ~ ST / 5x (1) 

where q is the heat-transfer rate, A is the section area perpendicular to the direction of the heat 
flow, and dTldx is the temperature gradient in the direction of the heat flow. When depositing the 
first layer, the temperature gradient between the welding-arc-heated area and the rest of the 
substrate is very large. The heat from the welding arc quickly dissipates into the substrate. So, it 
is difficult to accumulate enough energy to generate a molten pool on the surface of the substrate 
that is at room temperature. The status of the molten pool has a significant effect on the quality 
of the deposited layer. A smooth and uniform molten pool is the key for obtaining a deposited 
layer of high quality. One solution to the problem is to increase the initial temperature of the 
substrate before the starting of the deposition process. In this paper, the micro-plasma welding 
arc is used as a heat source to preheat the substrate. According to experimental results, the 
preheating parameters are determined as follows: welding current, 15 A; welding speed, 1 mm/s; 
and preheating time, 180 seconds. 
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Fig. 2 Experimental Set-up for micro-plasma powder deposition 

Arc length control 

The arc length control is a key in the MPPD process. The reasons are as follows: 
1. The heat input fi-om the micro-plasma arc fluctuates with the variation of the arc 

length, and in turn, the molten pool size also fluctuates. The heat input from the welding arc Q is 
defined in Equation (2): 

Q = TiIV (2) 
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wheire X] is the coefficient of efficiency, I is the welding current, and V is the arc voltage. The 
welding power source has a constant-current characteristic. The heat input is directly 
proportional to the arc length. So, a variation of the arc length causes a fluctuation in the arc 
voltage (V), and consequently, the heat-input (Q) varies as well. As well known, the heat input 
has a determinant effect on the molten pool size. So, a fluctuation of the arc length usually leads 
to an undesired variation of the molten pool size and in turn results in non-uniform deposited 
layers. 

2. The arc length has an effect on the height of the deposited layer. In Figure 3, LI and 
L2 denote arc length respectively and LI is larger than L2. Assuming that except for the arc 
length all other parameters such as welding current, pilot gas flow rate, shielding gas flow rate, 
carrier gas flow rate, powder feeding speed, and traveling speed are the same in the two different 
cases, therefore the micro-plasma arc and the flowing behaviors of the carrier gas and the powder 
are the same. The shape of the feeding powder stream is shown in Figure 4. Laser strips are 
projected to the powder stream, and the reflection of the laser strips is recorded. It is seen that the 
shape of the powder stream is a cone. The shorter the distance between the nozzle and the cross 
section along the axis of the nozzle, the smaller the cross-section area. To simplify the analysis, 
assume that the distribution density of the powder is uniform on each cross section that is vertical 
to the axis of the nozzle. According to the law of conservation of mass, the smaller the cross- 
sectional area of the carrier-gas and powder flow, the larger the distribution density of the 
powder. So per unit area of the molten pool, much more powder is received at arc length L2 than 
at arc length LL Because the height of the deposited layer is directly proportional to the amount 
of the fed powder on the molten pool per unit area, a larger height of the deposited layer is 
generated when the arc length is short. 

In order to monitor and control the arc length in the MPPD process, the relationship between the 
arc length and the arc voltage is investigated. For instance, when the current is 15 A, the 
relationship between the arc length and the arc voltage is shown in Figure 5. It is seen that the arc 
voltage has a linear relationship with the arc length when the current is constant. The arc voltage 
is directly proportional to the arc length. In addition according to the experimental resuhs, it is 
also noted that the current has an effect on the relationship between the arc voltage, and the arc 
length and the effect of current is nonlinear and complicated. So, an arc length control strategy is 
developed based on the real-time measurement of the arc voltage and current: 

1. The arc voltage is acquired at selected arc lengths and currents. The selected arc lengths 
are from 1 mm to 6 mm with an increment of 0.5 mm. The selected currents are from 10 A to 15 
A with an increment of 1 A. 

2. Five linear equations can be obtained by linear regression analyses of the data acquired at 
different currents. Each linear equation describes the relationship of the arc voltage and the arc 
length at a corresponding current. 

3. In the MPPD process, the current is always set to be one of the selected current values 
(10 A, 11 A, 12 A, 13 A, 14 A, and 15 A). The current is constant after it is set because the 
power supply has a characteristic of constant-current output. So, the effect of current fluctuation 
on the relationship of the arc voltage and arc length can be neglected. The arc length control 
process consists of the following steps: acquiring arc voltage, low-pass filtering of the acquired 
signal, selecting a linear equation according to the current value, calculating the arc length, and 
moving the torch 0.05 mm up (down) if the calculating result is smaller (larger) than the given 
arc length. Repeat the process. 
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Fig. 5 Relationship between arc length and arc voltage at 15-A current 

Relationship between welding parameters and deposited layer's geometry 

The effect of the welding speed on the deposited layer's geometries is shown in Figure 6(a). The 
welding speed is 3.14 mm/s, 4.18 mm/s, and 6.28 mm/s, respectively. The welding current is 15 
A, the arc length is 3.0 mm, the plasma gas flow rate is 0.4 1/min, the shielding gas flow rate is 
10 1/min, and the powder-carrier gas flow rate is 3.5 1/min. The powder is H13 tool steel, and the 
powder-feeding rate is 2.3 g/min. It is seen that both of the deposited layer's width and height 
decrease with the increase in the welding speed. The effects of the welding speed on the width 
and height of the deposited layer are almost the same. The effect of the welding current on the 
deposited layer's geometry is shown in Figure 6(b). The welding current is 15 A, 13 A, and 11 
A, respectively. The welding speed is 3.14 mm/s, the arc length is 3.0 mm, the plasma gas flow 
rate is 0.4 1/min, the shielding gas flow rate is 10 1/min, and the powder-carrier gas flow rate is 
3.5 1/min. The powder is H13 tool steel and the powder-feeding rate is 2.3 g/min. It is seen that 
the width of the deposited layer increases with the increase in the welding current. The height of 
the deposited layer decreases slightly with the increase in the welding current. The effect of the 
powder-feeding rate on the deposited layer's geometries is shown in Figure 6(c). The powder is 
HI3 tool steel, and the powder-feeding rate is 1.2 g/min, 2.3 g/min, and 3.6 g/min, respectively. 
The welding current is 15 A, the arc length is 3.0 mm, the plasma gas flow rate is 0.4 1/min, the 
shielding gas flow rate is 10 1/min, and the powder-carrier gas flow rate is 3.5 1/min. It is seen 
that the deposited layer's height increases with the increase in the powder-feeding rate. The 
deposited layer's width slightly decreases with the increase in the powder-feeding rate. It is also 
seen that the powder-feeding rate has a much larger influence on the height of the deposited layer 
than on the width of the deposited layer. 
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Fig. 6 Effects of welding parameters on the geometries of the deposited layer: (a) effect 
of welding speed; (b) effect of welding current; (c) effect of powder-feeding rate 

Test parts 

Several test parts are built with the developed MPPD process as shovra in Figure 7. The 
geometrical parameters of the part in the form of a cylinder [Figure 7(a)] are as follows: number 
of layers is 80; the average layer of thickness is about 0.42 mm; the outer diameter is 22.4 mm; 
and the inner diameter is 17.2 mm. The geometrical parameters of the part in form of a cone 
[Figure 7(b)] are as follows: number of layers is 40; the average layer of thickness is about 0.35 
mm; the outer diameter at the top is 30.0 mm; the inner diameter at the top is 26.2 mm; the outer 
diameter at the bottom is 21.5 mm; the inner diameter at the bottom is 16.5 mm; and the over- 
hang angle is 23 degree. The test part in the form of a cylinder, as shovwi in Figure 7(a), is 
deposited with 80 layers. The traveling speed is 3.14 mm/s. The diameter of the deposited part is 
20 mm. The powder-feeding rate is 2.3 g/min. So, the amount of feeding powder in the 
deposition process is 61.3 g. The weight of the substrate is 28.9 g. After the deposition process. 
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the total weight of the substrate and the deposited cylinder part is 65.1 g. So, the powder 
utilization efficiency in this deposition process is about 59%. • 

r.*^ as  **3 

(a) (b) 

Fig. 7 Test parts: (a) part in form of a cylinder; (b) part in form of a cone 

The term functionally graded composition (FGC) is applied to components whose composition 
and structure vary progressively as a function of position. A FGC (along the z-axis) test part is 
produced by the successive deposition of the HI3 tool steel powder and tungsten carbide 
powder. The part is in the form of a cylinder (the height, 6 mm; the outer diameter, 23.0 mm; and 
the inner diameter, 17.5 mm) and is built with 20 layers on a mild-steel substrate. The cross 
section of the FGC part is shown in Figure 8. In the first 12 layers, the feeding powder is 100% 
HI3 tool steel powder. From layer 13, the tungsten carbide powder is blended with H13 tool 
steel. The percentage of volume of the tungsten carbide powder increases gradually from 0 to 20 
%. Figure 9 shows the interface between the substrate and the deposited wall that corresponds to 
position A in Figure 8. 

Fig. 8 Cross section of a FGM test part Fig. 9 Interface between the 
substrate and the deposited wall 
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Scaiining electron microscopy (SEM) observation indicates that injected tungsten carbide 
dissolves and subsequently, fine carbides precipitate from supersaturated melt during cooling, as 
shovra in Figure 10. The dissolution of tungsten carbide is rather aggressive during deposition. 
Only at the top of the part can injected coarse tungsten carbide be observed, as shown in Figure 
11. The reprecipitation of fine carbide happens extensively. Its morphology, size, and amount are 
closely related to the amount of injected tungsten carbide. Figure 12 shows typical 
microstructures of reprecipitated carbide that correspond to the positions B, C, D, and E in 
Figure 8. In these back-scattered electron images, the precipitated carbide appears brighter than 
the matrix, indicating that it is rich in tungsten. At the lowest amount of injected tungsten 
carbide, the precipitated carbide is fewer, globular, and located at the grain boundary of the 
matrix [Figure 12(a)]. By increasing the injected tungsten carbides, the amount of precipitated 
carbide increases and its morphology evolves into an intergranular network [Figure 12(b)]. The 
higher amount of injected tungsten carbide results in the fDrmation of herringbone [Figure 12(c) 
and (d)]. At a higher magnification, a significant amount of dark carbide can be seen [Figure 13]. 
It may be MC rich in titanium and chromium, whose contents in HI3 are as high as 5.2 and 4.3 
wt.%, respectively. 

Fig. 10 Dissolution of tungsten carbide and 
Precipitation of fine carbides 
(WC - tungsten carbide) 

Fig. 11 Coarse tungsten carbide on top 
layers of the FGM part 

# 

Microstructural observation indicates that tungsten carbide is unstable and dissolves during 
deposition. Injected coarse tungsten carbide is observed only at the top of the deposited part. 
This result may be attributed to rapid cooling and a higher amount of injected tungsten carbide. 
Dissolution of injected tungsten carbide increases the contents of tungsten and carbon in the 
melt. During subsequent cooling, tungsten carbide precipitates from the supersaturated melt. 
From the present metallographical observation, it can be inferred that a eutectic reaction is 
predominant during solidification. When the amount of injected tungsten carbide is smaller, and 
consequently, fewer tungsten and carbon atoms are released into the melt, the melt is 
hypoeutectic and tungsten carbide precipitates as a final formed phase and is pushed to the grain 
boundary of the matrix. A higher amount of injected tungsten carbide increases the contents of 
tungsten and carbon in the melt. That increase results in a eutectic reaction during solidification, 
forming herringbone carbide. 
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Fig. 12 Microstructures of re-precipitated carbide corresponding to the position 
in Fig.8: (a) position B; (b) position C; (c) position D; (d) position E. (the 

arrow indicates the phases 

Fig. 13 Microstructures of re-precipitated carbide at a higher magnification 
(the arrow indicates the phases) 
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The Vickers hardness (HV) distribution along the cross section of the test FGC part is shown in 
Figure 14. It is seen that the hardness of the deposited wall continuously increases by increasing 
the amount of injected tungsten carbide. The hardness value is an average value at three different 
points in the same testing area. The hardness of the tungsten carbide is 1114 Hv. 
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Fig. 14 Hardness (HV) distribution on the cross section of the test FGM part 

Conclusions 

The MPPD based SFF process allows the components to be directly built from the corresponding 
powder. Substrate preheating and arc length control are required in the developed deposition 
process. The arc voltage signal can be used to monitor and control the arc length according to the 
developed control strategy. The power of the micro-plasma arc applied in the deposition process 
is less than 375 W. A number test parts are made of HI3 tool steel powder with acceptable 
surface quality and mechanical properties including parts with functionally graded composition. 
The powder utilization efficiency is about 59%. The microstructural observation on the FGC part 
shows that the dissolution of tungsten carbide is fast occurring during deposition. Injected coarse 
tungsten carbide can only be observed at the top of the part. The reprecipitation of fine carbide 
happens extensively. From the metallographical observations, it can be inferred that a eutectic 
reaction is predominant during solidification. Experimental result shows that the hardness of the 
built FGC part continuously increases with increase in the amount of injected tungsten carbide. 
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Abstract 

The bonding quality among polymer filaments in the fiised deposition modeling (FDM) 
process determines the integrity and mechanical properties of the resultant prototypes. This 
research investigates the bond formation among extruded acrylonitrile butadiene styrene (ABS) 
filaments in the FDM process. Experimental measurements of the temperature profiles were 
carried out for different specimens and their effects on mesostructures and mechanical properties 
were observed. Models describing the formation of bonds among polymer filaments during the 
FDM process are discussed. Predictions of the degree of bonding achieved during the filament 
deposition process were made based on thermal analysis of extruded polymer filaments. The 
bond quality was assessed based on the growth of the neck formed between adjacent filaments 
and their failure under flexural loading. Further experimental work is underway to assess the 
validity of the proposed models. 

1. Introduction 

Rapid prototyping (RP) is one of the fastest growing manufacturing technologies for 
fabrication of cost effective models, prototypes and one of a kind parts. It is being applied in a 
very large number of fields, such as aerospace, automotives, architecture, and medicine. RP 
technologies provide the ability to create almost completely finished products firom CAD files. 
Moreover, it has been shown that some RP techniques have the potential to fabricate parts with 
locally controlled properties (porosity, density and mechanical properties) [1,2]. The FDM 
machine is basically a computer numerically controlled (CNC) gantry machine, carrying double 
miniature extruder head nozzles. In the FDM process, parts are fabricated by extruding a semi- 
molten filament through a heated nozzle in a prescribed pattern onto a platform. As the material 
is deposited, it cools, solidifies and bonds with the surrounding material. The fabrication of parts 
with locally controlled porous structure and mechanical properties can be achieved by varying 
the deposition strategy, deposition orientation and other process conditions. However, for 
directly producing functional parts, fiindamental understanding of mechanical properties of FDM 
parts with respect to fabrication process parameters is essential. 

■■ Corresponding Author: C.T. Bellehumeur, cbellehvi@ucalgarv.ca. tel.: (403) 220-8804, fax: (403) 282-3945 
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FDM prototypes are composites of partially bonded filaments and voids. The bonding 
quality among filaments in FDM parts is an important factor in determining the integrity and 
mechanical properties of resultant prototypes. The formation of bonds in FDM process is driven 
by the thermal energy of semi-molten material. The quality of bonds formed between individual 
filaments depends on the growth of the neck formed between adjacent filaments and on the 
molecular diffusion and randomization at the interface. The bond formation process can be 
viewed as a sintering process for which the wetting phenomenon is of importance. It can also be 
modeled following approaches similar to those used to describe polymer welding, where the 
issue of molecular diffusion dominates. 

Studies in FDM have primarily been directed towards the development of new materials 
or techniques for material deposition [3-5]. The mechanical properties of filaments and FDM 
parts were also investigated by a number of researchers [6-8]. However, considerable research 
efforts are still needed to fully understand the mechanical properties and their relations to the 
fabrication processes. In particular there is a lack of literature on experimental determination of 
the thermal profiles of the parts built using FDM. This data is especially important, as it is 
indicative of the bond formation between adjacent filaments. This paper provides the results of 
experimental determination of the thermal profiles of some simple shapes produced using the 
FDM process and their effects on the bond formation in terms of neck growth between adjacent 
filaments and the intermolecular diffusion at the interface and their evaluation in regards to the 
mechanical properties of the parts. 

2. Experimental Work 

The FDM 2000 from Stratasys Inc was used in this study. A commercial acrylonitril 
butadiene styrene (ABS P400) was used. The material was heated to 270°C and extruded through 
a nozzle onto a platform. The envelope temperature was set to 70°C. All parts were built using 
tip 12 with zero air gap. In addition, parts produced in this study consisted of unidirectional 
specimens to enhance the effects of the parameters being studied. The parts produced for 
mesostructure characterization and for mechanical testing were built with the normal five layers 
of support material. As the support material may have different characteristics, the parts 
generated for the measurements of the filament's temperature profile were built without the 
support layers. 

The temperature profiles of extruded filaments were monitored using 0.003" K type 
thermocouples. The thermocouples were imbedded in the foam of the base plate of the FDM 
machine. The measurements were recorded and analysed through a high-frequency analog- 
digital converter (1000 readings per second), amplifier, data acquisition card 6024E and software 
Labview 6.0 on a PC. 

The samples collected from the parts were sectioned using a Leica RM2165 microtome. The 
samples' cross-sections were viewed under optical microscopy. Pictures of these cross-sections 
were taken with a CCD camera mounted on an Olympus BX60 microscope and features were 
analyzed using the image analysis software Image-Pro . 
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The flexural strength testing of the specimens was carried out on 
the ATM testing machine (Model TTS Series). The tests 
conformed to ASTM standard D 1184-98 for flexural strength of 
laminated sheets bonded with glue. The specimens were 
constructed so that the failure occurs in the bonds between adjacent 
filaments as shown in Figure 1. One deviation from the standard 
was that failure occurred between filament bonds in the same layer 
instead of the bonds between adjacent layers. The test also differed 
from the standard in that 12 layers of laminates were used instead 

ft!S!.?th'teJsamnie ^^ ^hc Stipulated eight layers,  so that parts with reasonable 
dimensions could be tested. 

strength test sample 

3. Thermal Processes in FDM 

The bonding between individual roads of the same layer and of neighboring layers of 
FDM parts is driven by the thermal energy of the semi-molten material that is extruded fi-om the 
FDM head. The temperature history of interfaces plays an important role in determining the 
bonding quality. When the filament is deposited and is in contact with surrounding material, the 
interface's temperature is well above the material's glass transition (Tg). This condition favors 
molecular diffusion at the interface and the development of adhesive bonds. 

Several heat transfer models describing the FDM process have been proposed in the 
literature. Yardimci [9] developed a family of numerical models for the fiised deposition ceramic 
(FDC) processes. A similar analysis method is applicable to the FDM process that uses 
thermoplastic polymer as a raw material. Rodriguez-Matas [10] presented a two-dimensional 
heat transfer model in which the filament is laid on a stack of other filaments. The model 
assumes constant heat convection coefficient and perfect contact among stacked filaments. The 
results of the analysis show that the interface temperature rises above the glass transition 
temperature (Tg) immediately upon extrusion of the filament and stays above for a short period 
of time. In Rodriguez's analysis, the variations in the temperature across the filament thickness 
are taken into consideration, which allows for consideration of the boundary conditions at the 
interface. The model, however, neglects all contact resistances between the filaments. Based on 
this 2D model, the conduction heat transfer with the foundation is dominant over the convection 
heat transfer with the environment. Li and co-workers [11-12] used the lumped-capacity analysis 
for modeling the cooling process of the extruded filament, because the diameter of the extruded 
filament is fairly small and a uniform temperature distribution throughout the filament cross- 
section can be assumed. 

3.1. Temperature Profile of a Single Filament 

Experimental measurements performed on a single filament deposited on the base plate 
foam platform were used to assess the validity of the two models described above (Figure 2). 
The material properties were selected based on the work presented by Li et al. [12]. The 
measured data is in general agreement with these models, lying somewhere in between the two 
predicted values. It is interesting to note that at the higher temperatures prevailing in the initial 
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Stage, the measured temperature profile exhibits 
more similarity to the lumped capacity model 
predictions, while at lower temperatures the 
measured data tends to follow the 2D model 
predictions [10]. The filament reached Tg in 
about three seconds, which is not very different 
from the predictions of both models. 

Figure 2: Single filament cooling profile where h 
denotes the convective heat transfer coefficient. 

Time (s) 

3.2. Multi Layered Specimen: Temperature Profiles and Mechanical Tests 

Two sets of specimens were constructed to carry out mechanical tests in order to assess 
the bond strength between the filaments. The dimensions of the test specimens were 3.1 mm x 
19.1 mm X 31 mm, and all the filaments were oriented perpendicular to the longitudinal axis of 
the parts for the tests so that failure would occur in the bonds between the adjacent filaments of 
the lower layer as shown in Figure 1. In the first set, the specimens were built individually, 
whereas for the second set, three specimens were cut from one longer piece (Figure 3a). The 
temperature profiles at the base of each representative specimen were also recorded and are 
shown in Figure 3b. 

100mxl9.1minx 3.1mm 

Cut line 
31m X 19.1mm x 3.1mm 

Figure 3a: Different specimens for flexural 
strength tests 

500 1000 

Time (s) 

1500 2000 

Figure 3b: Comparison of the temperature profiles 
for different specimens 
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One must note that the highest temperatures recorded in these profiles were lower than 
that measured for a single filament. This was due to the fact that a larger set of data (1000) was 
averaged to get one record per second, compared to 100 records per second for the previous case. 
Therefore, the higher values were averaged with lower values to give smaller peaks. Secondly, 
the models discussed in the previous section are only valid for single roads and cannot be applied 
to the situation represented in this case, where conduction is the dominant mode of heat transfer 
from the adjacent and upper layer filaments. It can be seen that for the specimens built 
individually (first set) the temperature at the base of the part remains above the glass transition 
temperature (Tg) after the 4'*' layer is built and continues to be high until the parts are completed. 
For the second set of specimens, the temperature reaches a level above Tg for only a short 
duration during the deposition of each layer of filaments. Therefore, it is to be expected that the 
individually made specimens will be stronger than the specimens cut from longer pieces. This 
expectation is indeed borne out by the mechanical testing and the results are shown in Table 1. 
The flexural strength of the individually made specimens was 2810 kPa, whereas, it was 2277 for 
the specimens cut from the larger part. The higher temperamre profile, which gave rise to higher 
flexural strength, was the result of the shorter traverse of the FDM head for making one layer of 
the individually built specimen compared to the three times larger traverse to build the longer 
part from which three specimens were cut. This resulted in better bonding between the adjacent 
filaments and consequently the individually built parts exhibited higher failure loads. 

• 

The test data exhibited a much larger standard deviation in the results of the specimens 
cut fi-om the longer parts (Table 1). This deviation could be the result of two possible factors. 
The first was that a number of larger parts exhibited miniature fault lines between adjacent 
filaments. One possible cause of these faults could be the wear in the mechanical system of the 
FDM machine. The obviously faulty samples were discarded on visual inspection, but if the fault 
was in the inner layers, or too small, it would escape visual inspection. Another factor was that 
the temperature profile was observed to change with variations in the location of the parts built. 
This would cause variation in exposure temperature/time of the parts being built. Further 
experimentation is required before drawing any definite conclusions. 

Part type 
Cut from 
longer piece 

Individually 
built 

Flexural strength 
(kPa) 

2277.0 2810.0 

Standard deviation 
(kPa) 

105.9 87.2 

Total samples used 8 4 

Layer undergoing 
failure 

Bottom Top 

Flexural strength 
(kPa) 

2277.2 2153.6 

Standard deviation 
(kPa) 

105.9 65.9 

Total samples used 8 5 

Table 1: Comparison of the flexural strength 
for individual parts of different size 

Table 2: Comparison of the flexural strength for 
failure in the top vs. bottom layers of the 
specimens cut from the longer part 

The temperature profile of the longer part shown in Figure 3b also suggests that the top 
layers of the specimen are exposed to shorter durations of temperature above Tg compared to the 
lower layers. This would indicate that the lower layers of the specimen should have higher bond 
strengths than the upper layers. To verify this, a number of samples were prepared and tested so 
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thkt the failure would occur either in the top or in the bottom layer of the specimens, and the 
results are shown in Table 2. Indeed, the bottom layers did exhibit higher bonding strength 
between the adjacent filaments. The flexural strength of the specimen when the fracture was 
caused to occur in the bottom layer was 2277 kPa against a value of 2153 kPa when the fracture 
was caused to occur in the top layer. Again the standard deviation was quite large, since the 
specimens were cut from the longer parts as already discussed above. 

3.3. Effects of Prolonged Exposure to Higher Temperatures on the Mesostructure 

It was generally observed that the temperature profile of the bottom layers of the parts 
remains at temperatures higher than Tg for a longer period of time compared to the upper layers. 
Thus, different neck growth between adjacent filaments can be expected in the top and bottom 
regions. However, this phenomenon was not readily observable in a twelve-layer specimen. 
Consequently, thirty-layer specimens were prepared. Figure 4 shows a magnified picture and the 
temperature profile for these specimens. As can be seen, after the first few layers, the 
temperature was above Tg until the completion of the part. The voids in the lower region are 
clearly smaller than in the upper region indicating larger neck growth in the bottom of the part. 
The dimensionless neck growth in the top few layers is 0.187 compared to 0.310 in the bottom 
layers. One possible explanation for the larger neck growth could be the longer diffusion time as 
discussed in the later sections dealing with modeling. Other explanations could be the effect of 
gravity or the effect of continued downward pressure from the FDM head while the part is being 
built. 

Top layers 

1000 2000 3000 
Time (s) 

Figure 4: Mesostructure and temperature profile of a 1.5" x 1.5" x 30-layer part 

3.4. Effects of Filament's Deposition Strategy on Temperature Profiles and Mesostructures 

The impact of the deposition strategy on the parts' characteristics was examined in this 
work. Figure 5 shows the temperature profile at the base of a part with dimensions 200 mm x 12 
mm X 2.8 mm in which the filaments were deposited in the longitudinal direction. After the 
second layer is formed, the temperature at the base remains above Tg for the duration of the build 
time. Figure 6 shows the temperature profile at the base of a part with dimensions 130 mm x 28 
mm X 2.8 mm in which the filaments were deposited in the lateral direction. Due to the short path 
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length, the temperature reaches much higher values as the FDM head approaches the 
thermocouple, but later drops below the Tg limit as the head recedes. In this case the part is 
exposed to higher temperature for a longer time. Table 3 summarizes the results obtained for the 
dimensionless neck formed between adjacent filaments. The lateral specimen exhibits a higher 
dimensionless neck growth, and consequently has a lower void fraction due to longer exposure to 
higher temperatures. 
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Figure 5: Temperature profile for a longitudinally 
built part 
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Figure 6: Temperature profile for a laterally built part 

Longitudinal 
parts 

Lateral 
parts 

Top layers 
(30-layer part) 

Bottom layers 
(30-layer part) 

Sintering    model 
prediction 

Dimensionless 
Neck growth 

0.191 0.233 0.187 0.310 0.152 

Void fraction 
(%) 

0.091 0.081 ~ — — 

Table 3 Dimensionless neck growth and void fraction for various parts 

4. Prediction of Bond Formation 

The formation of bonds between polymer filaments in the FDM process can be described 
as shown in Figure 7. The cross-sections of filaments are idealized as circles in the figure. The 
first step of the process is the establishment of interfacial molecular contact by wetting. The 
molecules then undergo motions toward preferred configurations to achieve the adsorptive 
equilibrium [9]. Molecules diffuse across the interface, forming an interfacial zone, and/or react 
to form primary chemical bonds across the interface. The randomization can be reached only 
after extensive inter-diffusion of chain segments under critical conditions. These processes can 
be interpreted either in terms of sintering of adjacent particles or inter-diffiision of molecules at 
the contact interface, both of which occur at elevated temperatures. Predictive models, for both 
sintering and diffiision, which utilize the measured temperature profiles, are discussed in the 
following sections. 
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Contact Wetting Diffusion 

Figure 7: Schematic of bond formation between two filaments 

4.1. Sintering Model 

Analytical models describing the sintering rate that occur, due to Newtonian and 
viscoelastic flows, in various polymers have been proposed and assessed by Homsby and 
Maxwell [13], Mazur and Plazek [14], and Bellehumeur et al. [15-16]. In this work, the model 
proposed by Pokluda and co-workers [17] has been used. 

dQ      r   2 ^ cos e sin 6(2 - cos e)A 

dt    a^\i      (i_cose)(l + cos0)X 
(1) 

with e = sin"' y/a. The model is valid for the coalescence of two particles and predicts the neck 
growth between the particles as a non-linear function of time t, material viscosity /A initial 
particle radius ao, and surface tension F. Details on the mathematical development and 
assessment of the model have been discussed elsewhere [11-12]. 

The sintering model is used to determine the neck growth formation between the 
sintering particles, thus providing information about the degree of wetting achieved at the 
filaments' interface, which is an indication of the neck growth. Previous work [1] has shown that 
the neck growth becomes negligible at temperatures below 200°C for ABS P400. This 
temperature is to be referred to as the critical sintering temperature for ABS P400. Quantitative 
predictions about the degree of bonding achieved during the filament deposition process were 
made based on the lumped-capacity heat transfer and Newtonian sintering models. The selection 
of model parameters was based on criteria presented in reference [12]. These results were found 
to be only in general agreement with the experimental observations (Table 3). Quantitatively, the 
difference might due to simplifying the cross-section shape of the filament (circle versus ellipse), 
neglecting gravity force in the sintering model and neglecting elastic deformation that may occur 
at temperatures below the critical sintering temperature. 

4.2 Diffusion Model 

The theory of intermolecular diffusion across the interface under isothermal conditions is 
well established in literature. The isothermal models work quite well for quasi-isothermal 
processes such as autoclaving. However, for on-line consolidation type processes such as FDM, 
where thermal transients are present at multiple time scales, a non-isothermal model is needed. A 
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model put forwarded by Fang [18] for the healing process under non-isothermal conditions was 
used to predict bond strength. The model considers a temperature dependent welding time and 
describes the bond strength as a function of the temperature history. The non-isothermal degree 
of healing evolution with time is developed starting from a fundamental formulation of the 
reptation of polymer chains and is given by the following expression: 

DAt) = — =   , k 
ni/4 

dt (2) 

where tw{T) is the temperature dependent welding time, a^ is the strength of the fully healed 
interface, and o is the stress for the FDM part. For a given temperature history, and a given 
temperature dependence of the welding time, the degree of healing can be evaluated using 
equation 2. The respective temperature profiles in conjunction with the extruded ABS P400 
welding time, as determined by Rodriguez [8], were used to quantitatively predict the bond 
strength of the parts produced for mechanical testing. The welding time used is only valid in a 
very narrow temperature range and needs to be re-examined at higher temperatures in future 
work. 

t^ = Ccxv{QdlRT) (3) 
,-47 where 2^ = 388.7 kJ/mol and C= 1.080x10"^' s. 

The model described by equation 2, was implemented numerically to predict the degree 
of healing as a function of time. The numerical integration was carried out until the degree of 
healing reached a value of unity, or until the specified time was completed, whichever occurred 
first. Furthermore, for amorphous materials the healing mechanism is active only as long as the 
material temperature is above its glass transition point, hence only that time when the 
temperature was above the glass transition point was taken into consideration. 
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The modeling results are shown in Figure 
8. From Figure 3b it can be seen that the 
individually produced parts stay above glass 
transition temperature longer and consequently 
have a higher degree of healing with the resultant 
higher bond strength. Figure 8 shows a drop of 
28% in the degree of healing for the longer part 
from which the three specimens were cut. 
However, the drop in the load bearing capacity of 
these specimens was only about 10%. The 
difference can be attributed to the available 
welding time data, which covers only a narrow 
temperature range, but is extrapolated for a wider 
temperature range, causing errors. As an example, 

the extrapolated welding time for a temperature of 170°C was 0.01 seconds, which is obviously 
not correct. For the shorter part, the time spent at higher temperatures was greater, resulting in 
over estimation of the degree of healing. 

0      100 200     300 
Time (s) 

400     500 

Figure 8: Degree of healing of FDM parts with 
different temperature histories 
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4.3 Model Comparison 

Under the conditions selected for the processing of ABS P400, sintering has a significant 
effect on bond formation, but only for the short duration of time that the temperature is higher 
than 200° C. Experimental observations showed that the filament temperature is below this 
temperature and above the glass transition point for a considerably longer period of time where 
the bonding is driven by the molecular diffusion at the interface. Therefore, the sintering model 
can be applied to the initial period when the filament temperature is above 200° C and the 
diffusion model is more appropriate for predicting subsequent bond strength development. 

5. Conclusions 

In this paper, on-line measurements of the cooling temperature profiles of extruded 
filaments in the FDM process were carried out. It was found that most theoretical models for the 
cooling profile of the extruded filaments fail to predict the temperature history of filaments 
embedded in a multi-layered part. Experimental measurements of the temperature profiles for 
different specimens and their effects on the mesostructures and mechanical properties were 
discussed. Based on the heat transfer analysis and the sintering experimental data, the prediction 
of the growth of the neck formed between adjacent filaments was evaluated using the sintering 
model. A non-isothermal diffusion model was used for the prediction of the bonding evolution at 
the interface between filaments due to molecular diffusion. 

The future research will be focusing on obtaining accurate estimates for the non- 
isothermal diffusion model and generating predictions of bond strength development between 
filaments in FDM parts. Parametric studies will be conducted to investigate the effects of various 
process conditions on temperature histories and on the evolution of mechanical properties with 
time. 
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Abstract 
The Laser Engineered Net Shaping (LENS®) system at Sandia National Laboratories, a 

laser-based direct metal deposition process, was recently used for the fabrication of a complex 
prototype. The LENS process involved the challenges of adjacent areas of thick and thin cross 
section, overhanging unsupported features, high aspect ratios, and a hemispherical substrate. 
These challenges were overcome through the use of closed-loop weld pool control, height 
monitoring, a strong understanding of build parameters, and unique process planning strategies. 
The near-net shape LENS part was completed with annealing and conventional machining to 
produce the complex components in a reduced timefirame. 

Introduction 
Three prototype components were needed in a reduced timeframe recently for pre- 

production testing. These stainless steel components are approximately 280mm diameter with a 
hemispherical base and have features that include 2mm thick walls as tall as 110mm and solid 
blocks as large as 41cml The conventional methods of fabrication have been conventional 
machining from a billet of material and investment casting followed by finish machining. It was 
proposed that the prototypes could be completed by the LENS process more quickly than either 
of the traditional methods of production. LENS is a laser metal deposition system that focuses a 
laser on a substrate creating a small weld pool, and then deposits powdered metal into the weld 
pool [1]. As the substrate is moved by a set of computer controlled axes, the deposited metal 
builds a part line by line and layer by layer. The conventional machining of the desired 
prototype components takes around 350 hours of machine time. These parts are very difficuh to 
machine due to the high aspect ratio of 55 for the wall structure and the very narrow 4mm space 
between the walls. Equally difficult is the location of casting facilities interested in producing 
very small quantities of parts at reasonable costs. LENS is a perfect match for this need. The 
LENS system at Sandia has sophisticated process planning software to convert a triangulated 
version of a solid model file directly into modified M&G code for the LENS machine. Several 
challenges needed to be overcome for this project to be a success however. The process 
planning software required the addition of a secondary clearance plane due to the hemispherical 
shape of the substrate, and strategies developed for accurate building on surfaces that are not 
perpendicular to the incoming laser beam. Additionally, the system had to build thick blocks 
directly adjacent to thin wall structures maintaining accurate dimensions as both were 
constructed. This was accomplished utilizing a closed loop weld pool monitoring system [2] in 
conjunction with height monitoring and control. Finally, once the LENS deposition was 
completed, methods of stress relieving heat treatment were developed along with the utilization 
of conventional machining to complete the components. 

Process Planning and LENS Metal Deposition 
The deposition utilized hybrid building techniques in which the substrate becomes an 

integral part of the final component. In this case, the substrate was a 40mm tall dome of 
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appfoximately 280mm diameter. The substrate is shown in Figure 1(a) as it is ready to go into 
the LENS machine. Figure lb shows a solid model of the features to be LENS deposited on the 
substrate. 

ft^l 
(a) (b) 

Figure 1. (a) Dome Substrate Ready for LENS Deposition and (b) Solid Model of Features to Be 
Deposited by LENS 

Because the substrate is dome shaped, it was necessary to develop a secondary retract 
plane in the process planning software that represented a safe distance at which the LENS 
deposition head could retract to clear the center of the dome as it traversed from one side of the 
build to the other. A strategy for using the secondary retract plane was developed so that the 
head would only retract when traversing the dome, but not at other times when it would waste 
time. The process plarming software also has optimization strategies for determining when to 
switch from one feature to another. All features were done with multiple passes in which the 
laser first traversed the borders of the geometry and then returned to fill in or hatch between the 
borders. Because the geometry contains discontinuities between the different features, the 
process plarming software must choose when to switch from one feature to another. The 
software attempts to follow the longest continuous path possible while building and attempts to 
then build the closest remaining feature whenever it finishes building a previous geometry. This 
strategy causes the long traverses and use of the secondary retract plane to be minimized to help 
speed the building process. 

The knitting of the LENS deposition to the substrate occurred on angled surfaces due to 
the dome substrate. Typically, this knitting is one of the most critical steps of the LENS building 
process determining the strength of the interfacial bond. In this case, tests of representative 
geometry on steeply angled substrates showed that it was important for the area of the weld pool 
to be increased during the deposition of the interfacial layers, especially due to the angled 
substrate. One of these test blocks is shovm in Figures 2(a) and 2(b). Further testing, shown in 
Figure 2(c) was also required to determine the effects of the angled substrate on the incident 
powder cone which deposits the powdered metal in the weld pool. The process planning 
software was amended so that it gave a special notation to the interfacial geometry that notified 
the closed loop monitoring system of the need for a different set of weld pool parameters at these 
times. 
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(a) (b) (c) 
Figure 2. (a, b)Test LENS Features Deposited on a Substrate Positioned at a 45° Angle to the 

Incident Laser Beam and (c)Test of Powder Cone Geometry on Angled Substrate 

As the component's metal features were being deposited, the weld pool monitoring 
system actively maintained the appropriate weld pool for the different conditions encountered in 
the part geometry. This was especially important as the build transferred from the very thin wall 
structures to the thick block sections due to differences in heat conduction pathways which 
severely influence the build parameters of the deposition and must be carefully controlled by the 
weld pool monitoring system to assure a fully dense build with uniform material properties in all 
features regardless of geometry. 

A separate system monitored the height of the deposition throughout the building process 
and helped to maintain a uniform and accurate feature height. The greater heat retention of thin 
wall structures causes them to grow taller than the neighboring blocks if not controlled through 
the height monitoring system. This monitoring allowed all geometry to be built to 1.5mm taller 
than the height of the computer model, leaving plenty of material for the machining processes to 
remove. 

During the deposition process, the waste powder that did not become entrained in the 
weld pool was removed from the build environment manually and was reintroduced into the 
material hoppers. This greatly reduced the overall quantity of powder required for the deposition 
process. 

Deposition Results 
The deposition of each component was completed at a rate of 13cm^/hr with the entire 

build process requiring 33 hours. The final geometry had good accuracy with respect to the 
original model. The wall straightness was accurate and the wall thickness error was 0.13mm as 
compared to 2.5mm for typical castings. During the length of the build, a significant amount of 
heat was introduced into the deposition features and substrate. As is expected, this heat causes 
the final geometry to be somewhat smaller than the model due to shrinkage upon cooling. For 
this geometry, the outside walls were 0.5-lmm inboard of the model's walls. Also, the shrinkage 
caused some warp in the dome section. The dome was deflected 1mm at two points around the 
perimeter, well below typical casting errors. The warp in the dome was not a problem because 
the dome used for the substrate was significantly thicker than the final design thickness to impart 
strength in the substrate during the deposition process. This excess thickness was removed from 
the dome by machining the dome after LENS deposition was completed. 
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Post Deposition Annealing and Machining 
Once LENS deposition was completed, the components required heat treatment and 

finish machining. Because of the heat induced during the LENS deposition process, it was 
necessary to anneal the parts to remove residual thermal stress before machining. The annealing 
process was difficult to predict due to the diverse features present on the components. Two 
small plates were tack welded to the top of the freestanding thin walls to prevent movement 
during the annealing process and the temperature of both the wall structures and the block 
features was monitored. The component is shown ready for heat treatment in Figure 3(a). 
Though the heat treatment cycles developed worked adequately, this is an area of research that 
needs to be pursued in the future. 

Once the residual stress had been removed, the components were finish machined using 
traditional milling, turning, and die-sink EDM. The final test of the accuracy of the build was 
the fit of several concurrently produced components that were electron beam welded to the wall 
structure. The final part is shown in Figure 3(b). 

(a) (b) 
Figure 3. (a)LENS Buih Component Ready for Heat Treatment and (b)After Completion of 

Finish Machining 

Conclusion 
The use of LENS deposition for the manufacturing of 3 prototypes showed the ability of 

this process to produce complex, accurate, fully fiinctional, components directly fi"om CAD solid 
models in a reduced timeframe over the competing technologies. The process showed the 
capabilities of the Sandia National Laboratories' LENS system to deposit complex geometry 
while maintaining high accuracy in the features. The post deposition annealing and finish 
machining completed the prototyping process. 
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Abstract 
This modeling research considers two issues related to the control of melt pool size in 

laser-based additive manufacturing processes. First, the problem of process size scale is 
considered, with the goal of applying knowledge developed at one processing size scale (e.g. the 
LENS™ process, using a 500 watt laser) to similar processes operating at larger scales (e.g. a 3 
kilowatt system under development at South Dakota School of Mines and Technology). The 
second problem considered is the transient behavior of melt pool size due to a step change in 
laser power or velocity. Its primary application is to dynamic feedback control of melt pool size 
by thermal imaging techniques, where model results specify power or velocity changes needed to 
rapidly achieve a desired melt pool size. Both of these issues are addressed via a process map 
approach developed by the authors and co-workers. This approach collapses results from a large 
number of simulations over the full range of practical process variables into plots process 
engineers can easily use. 

Introduction 
Substantial progress has been made over the last decade in developing laser-based 

manufacturing processes for the purposes of solid freeform fabrication, cladding, component 
repair and additive manufacturing of features onto existing parts. In particular, over roughly the 
past eight years, an extensive research effort at Sandia National Laboratories to develop the 
LENS™ process (Griffith et al., 1996) has yielded an understanding of process parameters 
needed to build a number of standard shapes out of stainless steel, titanium and other alloys. 
Significant progress has also been made in developing real-time feedback control via thermal 
imaging of the melt pool (Griffith el at., 1999 and Hofmeister et al., 2001) 

Recently, the use of laser-based processes for component repair and additive 
manufacturing applications has received significant attention in the aerospace industry. In the 
case of additive manufacturing, significant cost savings are possible in the manufacture of some 
components if laser-based deposition is used to add small features to larger parts manufactured 
by traditional processes. For example, the traditional approach for manufacturing aircraft engine 
casings is to forge them with a thickness roughly twice that of the final casing thickness. 
Machining is then used to remove large amounts of material, leaving small-scale features on the 
casing surface. Significant cost savings are possible by instead forging a near-net-thickness 
engine casing and adding external features via laser deposition. 

With the developments described above, two key issues have emerged as critical for the 
advancement of laser-based additive manufacturing processes. The first is the need for a 
fundamental understanding of process scaling. Many industrial applications demand the use of 
large-scale deposition processes, yet significant process development has occurred on small- 
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scale processes. For instance, the LENS^^ process uses a 500 W Nd:YAG laser. In contrast 
AeroMet, which manufactures components for the aerospace industry, uses an 18 kW CO2 laser. 
There is currently no fundamental understanding of how to apply deposition knowledge acquired 
from small-scale systems to analogous large-scale systems. The result is that whenever a new 
laser-based manufacturing system is developed at a different size scale, processing engineers 
have to nearly start from scratch, performing large numbers of experiments to characterize their 
process. 

The second critical issue for laser-based additive manufacturing processes is the need for 
a fundamental understanding of transient changes in process characteristics such as meh pool 
size with changes in process variables such as laser power and velocity. This understanding's 
needed to aid in the real-time feedback control of melt pool size. In particular, an understanding 
of thermal response times (the time for a step change in power or velocity to produce a desired 
change in melt pool size) is needed. For example, results presented for thin-walled structures by 
Aggarangsi et al. (2003) (also in this symposium proceedings) demonstrate that effective control 
of melt pool size during the approach of a free edge requires initiation of power reductions 
before melt pool size increases are observed. This is due to the fact that the time needed for the 
melt pool size to change due to a power reduction is comparable to the time over which the melt 
pool size increases as the free edge is approached. 

The research described in this paper represents an initial attempt at addressing these two 
issues. Work described herein builds directly on modeling work by Vasinonta et al. (1999, 
2001a, 2001b) developing easy-to-use "process maps" allowing the prediction of steady-state 
melt pool size in thin walled and bulky features for any practical combination of LENS^^ 
process variables. The simultaneous control of residual stress and melt pool size has been 
addressed by Vasinonta et al. (2000). A brief overview of the process map approach to 
understanding laser-based freeform fabrication processes is given by Beuth and Klingbeil (2001) 
and a complete presentation of the process map approach for controlling steady-state melt pool 
size and residual stress in thin-walled and bulky parts is given by Vasinonta (2002). Most 
recently, process maps of cooling rates and thermal gradients at the melt pool boundary have 
been developed with the goal of predicting microstructure (Bontha and Klingbeil, 2003) (also in 
this symposium proceedings). 

The approaches and results from this earlier work can be used by process engineers to 
determine, in general, how to modify process variables in order to obtain an ideal melt pool size, 
control maximum residual stresses and control microstructure. However, results from this earlier 
work are tailored for application to the LENS^^ or other similarly sized processes. Also, only 
steady-state meh pool size control is addressed. In this paper, results are presented which show 
how a process map approach can be extended to understand melt pool size control over a range 
of process size scales and to understand the transient response of melt pool size to step changes 
in laser power or velocity. 

Numerical Models and the Process Map Approach 
Numerical Models: Both issues addressed in this paper are considered with reference to the 2D 
thin-walled geometry shown in Fig. 1. The geometry represents a thin-walled structure 
deposited onto a comparatively large base plate that acts as a heat sink. The models used in this 
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paper are analogous to models developed by Vasinonta (2002). Models are of a concentrated 
heat source moving across the top of the thin wall and do not model the effects of material 
addition. The absorbed laser power is designated as aQ, where a is the fraction of laser power 
from the source that is absorbed by the thin wall. In comparing with experiments and in 
determining ranges of absorbed laser powers a value of a = 0.35 is used. Predictions from 
numerical models assuming a value of a = 0.35 have shown good agreement with^eh pool 
lengths in thin-walled structures measured via thermal imaging using the LENS process 
(Vasinonta et al., 1999, 2002a). The successive deposition of layers is not modeled, but the 
preheating effects of the deposition of prior layers can be approximated via the specificatiori of 
an elevated uniform temperature in the wall and base plate, designated as Tbase, which exists 
before the laser begins its travel across the top of the wall. In all cases considered in this paper, 
the wall is tall enough that any increases in height will not change the resuhs (results are 
independent of wall height). The issue of sufficient wall heights to achieve this condition is 
addressed by Vasinonta et al. (1999, 2001a). Similarly, in this study meh pool size results are 
taken when the heat source is sufficiently far from the vertical free edges that results are 
independent of the distance from the edges. In the process scaling simulations, processes using 
large values of laser power were performed with models having length and height dimensions 
scaled up to ensure that the conditions described above were satisfied. Numerical models for 
transient response simulations have larger length dimensions than analogous process scaling 
simulations because steady state conditions must be reached twice during the analyses. 

Figure 1 Thin-Walled Structure with Base Plate 

Figure 2 shows a typical finite element mesh used for the scaling effects analysis. A 
similar (but longer) mesh was used for the transient response simulations. The boundary 
conditions for both types of analyses are thermal insulation on the vertical free edges, as well as 
the top edge, while a constant temperature is enforced at the bottom edge, simulating the effects 
of the base plate. Out of plane conduction is also restricted as this is a 2D model. The models 
use four-node quadrilateral bi-linear elements provided by the ABAQUS finite element package. 
In going from left to right, there are two separate mesh densities. The first third of the model has 
fairly coarse resolution while the remaining portion is of significantly finer resolution. This 
approach was taken to reduce analysis time with the caveat that fine resolution is only required 
away from the left vertical edge, where melt pool length values are extracted from the model. 
Mesh resolution also increases as the top edge of the model is approached. For the process 
scaling simulations, constant power is applied to nodes over pre-determined time steps.   Time 

330 



steps are specified as equal to the element edge length divided by the heat source velocity. The 
transient melt pool analysis includes step changes in absorbed laser power and/or velocity. 

q = 0 Heat Source, Q V 

Figure 2 Finite Element Mesh with Boundary Conditions 

Thermal properties of AISI 304 stainless steel are used as inputs to the models (Dobranich 
and Dykhuizen, 1998). A solidus temperature of 1672 K, a liquidus temperature of 1727 K, a 
latent heat of fusion of 2.65x10^ J/kg, and a constant density of 7652 kgW are specified, while 
temperature dependent thermal conductivity, k and specific heat, c are given by the following 
linear equations: 

k = 8.116 + 0.01618(T)(W/m) 
c = 465.4 +0.1336(T)   (J/kgK) 

(1) 

below a temperature of 1500 K.  Above 1500 K, both thermal conductivity and specific heat are 
held constant at the 1500 K value. 

Process Map Approach: Because the process scaling and transient analysis research described 
herein build upon previously developed process map concepts, a brief overview of the earlier 
research as applied to thin-walled structures is provided here. A process map for melt pool length 
for a thin-walled structure traversed by a concentrated laser heat source has been developed by 
Vasinonta et al. (1999, 2001a). As suggested by the Rosenthal (1946) solution for a point heat 
source moving across a (2-D) half-space, a process map for melt pool length is represented through 
three dimensionless variables: the normalized melt pool length (/), the normalized substrate 
height {h) and the normalized melting temperature (T^) which are defined as follows: 

'           T          h , T   —ZM~J_base /^\ 
h=^rr-,  and -'w -    ,«a /       • v^-* /=■ 2k/    "•-2jr^^i" '"     (xQ/    • 

/pcV /pcV /jtkt 

In eq. (1), p, c and k are the density, specific heat and thermal conductivity, respectively. If 
thermal properties are temperature-independent, results from the analysis of a concentrated heat 
source moving over a thin-walled structure of finite height, h, can be represented as a single 
surface plotted on three coordinate axes of I, h and 3"^. This forms the basis of a process map 

for laser deposition of thin-walled structures. 
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The process map for deposition of thin-walled structures of stainless steel 304 via the 
LENS™ process is shown in Fig. 3. It consists of three surfaces plotted on three coordinate 
axes. The middle surface was developed from finite element simulations with temperature- 
independent properties. The results from temperature-dependent property simulations are also 
presented in Fig. 3 as upper and lower error surfaces that bound the results. The space between 
these error surfaces reflects the range in results seen when process variables are varied over the 
range of interest in the LENS'^'^ process. 

Error Surfaces 

j,    _ f_m__j_base_ 

/TAX 

Figure 3 Process Map for Steady-State Melt Pool Length 

The plot of Fig. 3 shows that the variability of results due to temperature-dependent 
properties can be confined to +/-6.5% if certain procedures for applying the process map are 
followed (Vasinonta et al., 2001a). In brief, these procedures are: 

1. Properties at 1000 K are used in the normalizations. 
2. For cases involving a change in preheat, a linear change in thermal conductivity with a 

preheat temperature (in deg. C) is assumed, given by k = 24.3 + 0.013(Tbase-30) W/(mK). 
3. For predicting steady-state melt pool lengths resulting from a change in process variables, 

wall thickness is assumed to scale proportionally with meh pool length. It is also 
assumed that the melt pool length/wall thickness scaling is unaffected by velocity. 

The third assumption is necessary because the wall thickness, t, is included in the normalized 
variable f^ used in the process map. This requires that some assumption be made regarding the 
relationship between melt pool length and wall thickness. It also means, however, that within the 
limits of assumption #3 and given a value oft from a single experiment, the process map can be 
used to predict not only melt pool lengths as a fiinction of process variables, but also wall 
thicknesses. 

In summary, the process map approach developed in previous work allows the 
representation of the dependence of melt pool length on absorbed laser power, aQ, laser velocity, 
V, and wall preheat temperature, Tbase, in the form of a single, easy-to-use plot in terms of 
dimensionless variables. The variability of results due to the temperature dependence of material 
properties can be kept within practical limits. However, the process map of Fig. 3 is specifically 
developed for the deposition of 304 stainless steel over the range of process variables of interest in 
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the LENS^^ process. Results in the next section of this paper will address methods for extending 
this approach to other process variable ranges. Also, the process map of Fig. 3 only allows 
prediction of steady-state melt pool lengths. It gives no information on the rate of change of melt 
pool length (from one steady-state value to another) if process variables are altered. This is the 
second major topic addressed in this paper. 

Process Scaling 
Targeted Manufacturing Process: A laser processing facility is currently under development 
within the Advanced Materials Processing Center at the South Dakota School of Mines and 
Technology for use in not only net shape manufacturing but also welding, micro-machining, 
surface treatment and other applications. The system consists of a 3 kW Nd:YAG laser with a 
robotic positioning system, dual powder feeders and geometric, temperature and position sensing 
and feedback control capabilities. It is currently being tested for net shape manufacturing 
applications through the building of a series of flat, thin-walled structures deposited using laser 
powers from 450 W to 900 W. These initial tests will be followed up by tests on thin walls and 
other shapes for powers up to 2700 W. Laser velocities of interest range from 10 to 20 mm/s 
(Sears et al., 2003). 

Because the power range of the laser at the AMP Center is significantly larger than that 
for the 500 W LENS^^ system, the development of this new facility offers a unique opportunity 
for testing the applicability of a process map approach on multiple process size scales. In the 
next section, methods are presented for using process map concepts to model melt pool size and 
wall thickness for processes at multiple scales. Wall thickness predictions from process maps 
are then compared to available data from the AMP Center in the 450 to 900 W power range. In 
addition, wall thicknesses are predicted beyond the range of available data, up to a power level of 
2700 W, providing researchers at the AMP Center with predictions of wall thicknesses in 
advance of their experiments. 

Process Maps for Multiple Process Scales: In this section, methods are described for extending 
the process map approach for predicting melt pool length and wall thickness to processes 
operating at multiple size scales. The earlier work by Vasinonta showed that melt pool length 
predictions from models of the LENS™^ process could be collapsed into a single plot of 
nondimensional variables if thermal properties at 1000 K are used in the normalization. In this 
section, it will be shown that processes at larger size scales can be similarly represented if 
properties at lower temperatures are used in the normalization. 

In order to analyze the effects of process scaling, laser powers of 125 W to 2700 W (aQ 
from 43.8 W to 945 W assuming a value of a = 0.35) were divided into three power ranges. The 
upper range is from 1300 W to 2700 W (aQ from 455 W to 945 W). The middle range has 
powers from 429 W to 1286 W (aQ from 150 W to 450 W). The lower range is based on the 
LENS™ process and has powers ranging from 123 W to 471 W (aQ fi-om 43.2 W to 165 W). 
These ranges were chosen with the goal of maximizing range size, while keeping maximum 
errors from use of the process map within practical limits. 
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Figure 4 Comparison of Normalized Results with the 
Rosenthal Solution over Three Power Ranges, Using 

a Pre-Heat Temperature Tbase = 303 K 
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Figure 5 Comparison of Normalized Results with the 
Rosenthal Solution Over Three Power Ranges, Using 

a Pre-Heat Temperature Tbase = 673 K 

As in earlier process map work, a single experimental value of the wall thickness, t, is 
needed to predict values of 1 and t as a function of absorbed laser power, aQ, laser velocity, V, 
and wall and base plate preheat temperature, Tbase- A prediction of melt pool length, I, for the 
experimental case yields a value of 1/t that is used in all subsequent predictions. In the earlier 
work, because the velocity range of interest was confined to the relatively narrow range of 5.93 
to 9.31 mm/s it was assumed that the ratio of 1/t was independent of laser velocity. In this 
section it will be shown that this assumption can give less than satisfactory resuhs over a larger 
velocity range. Also, as in earlier work, prediction of melt pool length and wall thickness using 
the process map must be done using an iterative scheme. Fo^ instance, a larger value of aQ 

results in a new (smaller) value of Tm. That smaller value of Tm results in new (larger) values 

of 1 and t, but the larger value of t in turn results in a slightly larger valu£of Tm. This again 

leads to new values of 1 and t. These calculation steps are repeated until Tm, 1 and t no longer 
change significantly. 

Figures 4 and 5 provide plots of I vs. Tm over the three ranges of Tm identified above, 
covering the full range of laser powers from 125 W to 2700 W (aQ from 43.8 W to 945 W) 
applicable to the LENS™ and AMP Center processes. Because they are for tall walls, the 2-D 
plots of Figs. 4 and 5 correspond to values from the process map of Fig. 3 for the limiting case of 
large values of h . More specifically, data plotted in the low range of powers (large values of 

Tm) reproduces the data of Fig. 3 for large h. Data for smaller values of Tm is new and relates 
to power ranges and velocities appropriate for the AMP Center process. Figure 4 gives resuhs 
for a value of Tbase = 303 K and Fig. 5 gives results for an upper bound value of Tbase = 673 K. In 
both cases, results are given for the upper and lower bounds of V = 10 mm/s and V = 20 mm/s 
for the middle and upper power ranges (applicable to the AMP Center process). Results at V = 
15 mm/s were also obtained but are not shown because they fall between results for the upper 
and lower values of velocity. 
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The plots of Figs. 4 and 5 show that errors can be confined to +/-8% in the upper and 
middle power ranges if the following procedures for applying the process map are followed: 

1. Properties at a normalization temperature Tnorm < 1000 K are used in the normalizations. 
2. For cases involving a change in preheat, a linear change in thermal conductivity with a 

preheat temperature (in deg. C) is assumed, given by k = kmorm + 0.013(Tbase-30) 
W/(mK), where kmorm is the conductivity at the chosen normalization temperature. 

3. For predicting steady-state melt pool lengths resulting from a change in process variables, 
wall thickness is assumed to scale proportionally with melt pool length. 

In other words, the process map approach can be applied over multiple process size scales by 
simply changing the normalization temperature with changes in power range. 

Temperatures at which process parameters are normalized by are chosen to minimize 
errors in the process map (Figs 4 and 5) due to temperature-dependent properties.   Figure 6 

shows the functional dependence of normalization temperature on median Tm values for each 

power range.   The plot can roughly be approximated as linear over the range of Tm values 

considered. It is not clear whether a linear extrapolation to higher powers (lower values oi Tm) 

would be accurate. However, a linear extrapolation of the curve toward Tm = 0 (aQ 
approaching infinity) suggests a normalization temperature near 820 K. This change in 
normalization temperature would yield relatively small changes in k and c (see equation (1)). 
This suggests that the modeling of even larger scale processes via a process map approach may 
be straightforward. It also suggests that the effects of changes in process scale are reduced at 
higher power ranges and that experimental resuhs from the AMP Center process may provide 
significant insight into processes operating at significantly larger laser powers. 
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Figure 6 Normalization Temperature as a Function 

of Median T m 

Figure 7 Comparison of Experimental and Predicted 
Thicknesses as a Fimction of aQ 

Application of the Results: Figure 7 shows a plot of predicted and measured wall thicknesses vs. 
aQ. Measured values are from the AMP Center process (Sears et al. (2003)) for a laser velocity 
of 20 mm/s and are shown as large data points. Predictions as a function of aQ and for V = 20 
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mm/s are shown as plotted lines with small data points. Two sets of predictions are presented. 
The top line represents process map predictions using an experimental value of t from the 
LENS™ process for aQ = 105 W and V = 7.62 mm/s to determine 1/t. Although the trends in the 
experiments are captured by these predictions, the predicted values are larger than the 
experimental values. 

This difference can be explained by the use of a value of 1/t determined from experiments 
at a significantly lower velocity than was used in the experiments. This ratio will, in fact, 
increase with an increase in velocity. The second set of predictions (the lower line) was 
generated from the same process map results (Figs. 4 and 5), but with a value oft from the AMP 
process for aQ = 210 W and V = 14 mm/s used to determine 1/t. These predictions agree quite 
well with the available experimental data. Furthermore, the predictions for larger powers could 
be a useful tool in reducing the number of experiments AMP engineers need to perform while 
developing their process. 

Transient Response of Melt Pool Size 
In this section, numerical results are presented for transient changes in melt pool size due 

to a step change in laser power and/or velocity, for application to feedback control of melt pool 
size. Furthermore, results are presented in a non-dimensional process map format using the rules 
outlined in the Process Map Approach section, allowing the results from a large number of 
simulations to be presented in a compact form. In this section, simulations are for the LENS 
process; however, the same approach could be applied to other laser-based deposition processes. 

Figure 8 provides a plot of normalized melt pool length as a function of normalized laser 
travel distance for multiple values of step changes in laser velocity and/or power. The "baseline" 
set of initial process variables are aQ = 105 W, V = 7.62 mm/s and Tbase = 303 K. These 
variables result in a value of f„, = 1.29 and a value of /" = 1.01. Increases in absorbed laser 

power per thickness of 10% and 50% and decreases of 10% and 50% have been identified as 
baseline changes in process variables of interest, resulting in values of T^ equal to 1.18, 0.86, 

1.44 and 2.59, respectively. 

Considering just the baseline set of initial variables and power changes. Fig. 8 shows how 
normalized melt pool length changes from the steady-state value of 1.01 to other steady-state 
values as a function of the normalized distance traveled by the laser. Actual values of melt pool 
length and laser travel distance can be calculated from the normalized values using the properties 
of SS304 at 1000 K. Furthermore, the distance needed to reach the new steady-state value of 
melt pool length can be converted to a time to reach steady state by dividing by the laser 
velocity. 

Figure 8 is more than a plot of changes in melt pool length due to step changes in power, 
however. It is really a plot of normalized melt pool length vs. normalized laser travel distance 
for the changes in f„, shovm for any practical combination of process variables. For each 

f„, value, two combinations of process variables aQ, V and ?;„„ that give the highest and lowest 

values of / in the steady-state process map were selected, representing upper and lower bound 
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cases. For all values of r„ the upper bound case corresponds to values of T^„^^ = 400 °C and the 
lower bound case corresponds to values of T^^,^ = 30 °C. A series of transient simulations were 
then performed between upper bound cases and between lower bound cases (with Those fixed) for 
each of the four step changes in T^. The resuks of all of these simulations are plotted in Fig. 8. 

Overall, the process map approach developed for steady-state conditions has allowed a 
compact presentation of transient results over the full range of process variables of interest in 
LENS^^. However, although the steady-state normalized resuks have an error of no more than 
+/- 6.5% (designated by the error bars in the figure), transient results are not necessarily confined 
to these limits. As shown in Fig. 8, distances (or times) needed to transition to a new steady- 
state melt pool size are greater for decreases in T„ (e.g. an increase in power) than for equivalent 

increases in T„,. Using the properties of 304 stainless steel at 1000 K and a velocity V = 7.62 

mm/s, the conversion between x and x is x (in mm) = 1.39 x. For V = 7.62 mm/s, this gives 
thermal response times roughly in the range of 0.2 to 1.1 seconds, which is consistent with 
response times measured via thermal imaging of the LENS^^ process. 
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Figure 8 Melt Pool Size Transient Response Process Map with Error Bars 
Showing a Variation of ±6.5% from the Mean Values 

Summary and Conclusions 
In this study, process map approaches previously developed for application to the 

LENS^^ process under steady state conditions have been extended to predict transient changes in 
melt pool length and wall thickness and to predict steady-state meh pool lengths and wall 
thicknesses for processes on multiple size scales. Results thus far have been limited to thin- 
walled structures; however, these concepts should be extendable to other common geometries. 
Process scaling predictions of wall thicknesses have been made for the full power range of a 
large-scale process currently under development and predictions have compared well to 
thicknesses measured to date. Predictions of transient changes in melt pool size for the LENS 
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process are also consistent with observations of transient melt pool size via thermal imaging. 
Results have confirmed the applicability of a process map approach to understanding transient 
behavior; however, error limits under transient conditions may not match those observed in 
steady-state models. Meh pool size thermal response times for LENS™ range approximately 
from 0.2 to 1.1 seconds. This sets a lower bound on response times for meh pool size thermal 
feedback control systems. 
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Abstract 
The purpose of this experiment was to improve the Fused Deposition Modeling Process by 
examining the tensile strength of samples fabricated in a Stratasys FDM 1650 Machine utilizing 
the methods of Design of Experiments. A two-level, four-factor, full factorial experiment was 
conducted. The selected factors were temperature, air gap, slice thickness, and raster orientation. 
A regression equation determined the level each factor should be set in order to optimize the 
FDM machine settings. It was found that single factors - small air gap, small layer thickness 
and low raster orientation, as well as the interaction between high temperature and small layer 
thickness yielded the greatest effect the response. 

1. Introduction 
Fused deposition modeling (FDM) is a process that is used for fabricating solid 

prototypes from a computer-aided design (CAD) data file [1]. The process fabricates 3-D parts 
from a build-up of 2-D layers. In this process, an Acrylonitrile-Butadiene-Styrene (ABS) 
thermoplastic polymer is extruded through a heated nozzle to deposit the layers. In a previous 
paper, we showed that the orientation of the layers created anisotropic tensile properties [2]. 
Other investigators have also experienced similar results [3]. 

Previous investigators have used design of experiments (DOE) as a method to maximize 
strengths of the FDM-processed specimens of silicon nitride [4] and ABS polymer [3]. Many of 
the factors used for influencing the strength were entirely different in these studies. These 
investigators have not physically interpreted their selected factor levels in terms of the material 
properties and microstructure. 

The purpose of this paper is to use quality engineering tools to design, analyze and 
physically interpret our selection of the FDM processing factors and their levels. 

2. Experimental Methods 
The 12-step design process was used for our experimental [5]. First, the problem of 

concern was the low strength of FDM-processed ABS test specimens; second, our objective was 
to maximize the tensile strength; third, the yield and ultimate strengths were selected as the 
quality characteristics, i.e., the response; fourth, the factors were determined by team 
brainstorming and were recorded on a cause-effect diagram [6]; fifth, four factors and no-noise 
factors were selected for our study; and sixth, a two-level experiment was selected. 
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Seventh, an LI6 (2'*) full-factorial experiment was used for the DOE; eighth, all of the 
selected factors could potentially interact with each other; ninth, all of the interactions were 
listed; tenth, the trials were randomized and three replications per trial were used; eleventh, the 
column effects method and plots of the response vs. the effects of factors and interactions were 
used to analyze the data; and twelfth, the 95% statistically significant factors and interactions 
were identified. Our results were interpreted in terms of fracture behavior and microstructure to 
validate our results. 

A Stratasys FDM-1650 modeling machine was used to fabricate the test specimens. The 
materials were ABS P400 build material and the support material [1]. Each material was in the 
form of a filament that was fed into a heated extrusion head to form a semi-liquid polymer. The 
polymer was deposited at locations on the X-Y plane according the part requirements in the STL 
file. The layer thickness was determined by the FDM Quickslice™ software. Then the head was 
moved vertically to deposit a new 2-D layer on top of the previous one. In this way, the 3-D 
solid model was built-up by multiple depositions of 2-D layers. 

Each layer was formed by first depositing the perimeter (road width) around the X-Y 
plane of the test specimen design and then filled the inside of the perimeter with a raster pattern 
that had a preferred orientation. The layer bonded to the underlying structure. This process was 
similar to the 2-D lay-up of 90°/45° and 0745° laminate composites [7]. 

The design of the test specimens was in the shape of a dog-bone, similar to ASTM D638- 
97. However, the width of the gauge section in the test specimen was reduced to 8.13 mm 
(0.320 in.), because some specimens had failed outside the gauge length. The gauge length was 
68.8 mm (2.71 in.) long and had a constant thickness of 3.18 mm (0.125 in.). The overall length 
of the specimens was 127 mm (5.0 in.). The 0° fibers were oriented along the length of the 
samples, parallel to the tensile direction. 

The specimens were tested in tension by an Instron 4505 universal testing machine. The 
cross-head speed of the test machine was 0.0212 mm/s. Strain was measured with an 
extensometer, and the stress vs. strain curves were plotted. The yield stress was measured at 
0.2% offset strain, and the ultimate strength was measured at the maximum tensile stress. 

A microscopic analysis of the fracture surfaces in the tensile samples was conducted at 
magnifications ranging from 6.5X to 45X. Pair wise comparisons of the samples were conducted 
in such a way that only one factor level was varied between the pair. 

3.    Design of Experiment 
A cause-effect diagram was used to list the possible causes affecting the tensile strength 

of the test specimens. Some of the possible causes were the build specifications (road width, air 
gap, layer thickness, raster orientation), machine environment (model temperature), and ABS 
material (density). Four factors were selected for this experiment: (A) model temperature, (B) 
air gap, (C) layer thickness, and (D) raster orientation at two levels, i.e., low (-1) and high (+1), 
as shown in Table 1. An L16 (2 ) experimental design was utilized as shown in Table 2. The 
mean tensile strength data, Y yield and Y ultimate, are shown for the yield and uhimate strengths, 
respectively. 

Parameter 
(Factor) 

Description 
Low Level 

(-1) 
High Level 

A Temperature 268°C 277°C 
B Air Gap -0.0254 mm 0 mm 
C Layer Thickness 0.254 mm 0.356 mm 
D Raster Orientation 0745° 90745° 

Table 1. Factors and Levels 
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Trial 
1 

A B \ e ■;; ■'■■)M' ■ 
Y yield 
(MPa) 

V ultimate 
(MPa) 

1 268°C -0.0254 mm 0.254 mm 0745° 15.70 16.31 

2 268°C -0.0254 mm 0.254 mm 90745° 12.62 13.64 

3 268T -0.0254 mm 0.356 mm 0°/45° 11.99 12.86 

4 268°C -0.0254 mm 0.356 mm 90745° 9.06 10.36 

5 268°C 0mm 0.254 mm 0°/45° 12.97 13.38 

6 268T 0mm 0.254 mm 90°/45° 12.98 13.81 

7 268°C 0mm 0.356 mm 0°/45° 11.91 12.83 

8 268°C 0mm 0.356 mm 90°/45° 7.67 8.77 

9 277°C -0.0254 mm 0.254 mm 0°/45° 17.56 17.77 

10 277°C -0.0254 mm 0.254 mm 90°/45° 18.70 19.00 

11 277°C -0.0254 mm 0.356 mm 0°/45° 10.31 11.39 
12 277°C -0.0254 mm 0.356 mm 90°/45° 9.17 10.35 

13 277°C 0mm 0.254 mm 0°/45° 13.70 13.90 
14 277°C 0mm 0.254 mm 90°/45° 12.53 13.64 

15 277°C 0mm 0.356 mm 0°/45° 10.60 11.36 

16 277°C 0mm 0.356 mm 90°/45° 6.67 8.83 

Table 2. LI 6 (2'*) Experimental Design Report 

4.    Analysis of Data 
Based on the results in Table 2, the column effects for factors A, B, C, D and their 

interactions were determined for both yield and ultimate strengths. The analysis of the effects on 
the response was plotted in Figs. 1 and 2. The -95% (±2a) confidence interval for the standard 
error of the effects [8] of each factor was calculated to be ±0.73 MPa. When the response lies 
outside this interval, the effect is significant; and the converse is true when the effects are inside 
the interval. 

In Fig. 1, factors B (air gap), C (layer thickness), D (raster orientation), and interaction 
AC lay outside the 95% confidence interval 12.13 ± 0.73 MPa, which indicates only these factors 
and interaction have significant effect on yield strength. Fig. 2 shows the detailed analysis of the 
AC interaction. The conclusion from these figures is that to maximize the yield strength, the low- 
level of factors B, C and D, and the interaction of high-level A and low-level C should be 
selected. 
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Fig. 1. Yield Strength Response (MPa) vs. Effects of Factors/Levels 
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Fig. 2. Interaction between Temperature (A) and Layer Thickness (C) on Yield Strength 

In Fig. 3, only factors B (air gap) and C (layer thickness) lay outside the 95% confidence 
interval 13.01 ± 0.73 MPa. Therefore, these are the only factors that have significant effects on 
ultimate strength. In order to achieve maximum ultimate strength, the low-level of factors B and 
C should be selected. 
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Fig. 3. Ultimate Strength Response (MPa) vs. Effects of Factors/Levels 

In order to verify the above results, a regression equation was used to predict different 
factor levels and two-factor interactions that maximized the strength response, y [9]: 

y = Po + SipiXj + SiSj Pij x,*Xj = Po + PBXB + PCXC + PDXD + PACXA+I*XC.I (1) 

Here Xj represents factors B, C and D which take on ±1 values for the low/high levels that 
will maximize tensile strength. Also, Xi*Xj represents the interaction of A+i*C.i that takes on ±1 
values. The values of the p coefficients are shown in Table 3. Coefficient po represents the 
intercept (or mean value of Y). Coefficients pi are the slope of multiple regression for factors B, 
C and D. pAC represents the coefficient that is associated with the A*C interaction. Here the 
coefficients are one-half the effects of each factor and interaction in Figs. 1 and 3. The values of 
the coefficients are shown in Table 3. 

Tensile Strength 
(MPa) 

'Coefficients'"-■.■:^ 
3o PB Pc 3D: PAC 

Yield 12.13 -1.01 -2.46 -0.96 -0.76 
Ultimate 13.01 -0.95 -2.17 ~ ~ 

Table 3. Calculated Coefficients for B, C, D Factors and Interaction AC in Eq. (1). 

Eq. (1) verifies that for maximum yield strength, factor levels should be B.i, C.i, D.i, and 
A+iC-i. For maximum ultimate strength, the factor levels should also be B.i and d. 

When the interaction effects are moderate (see Fig. 2), errors can result in selecting the 
factor levels if the interactions are not taken into account. For example, in previous work [4], all 
of the columns in their 3-level experimental design were filled with main factors. This created a 
lower resolution experimental design, where the interactions and their aliases could not be 
analyzed. In this case, Eq. (1) would become an additive response of main factors, where 
EjEj pij Xi*Xj = 0. When our interactions were analyzed, A+iC.i was preferred over A-id. 
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5.      Physical Interpretation 
The selected process factor levels must physically make sense from the point of view of 

the structural properties and microstructure of ABS polymer. The yield strength was correlated 
with stretching the polymer chains and viscoelastic flow of ABS, and the ultimate strength was 
correlated with fracture initiation through the ABS structure [7]. Once a critical crack length was 
initiated, it propagated either at 45° or 90° to the tensile axis depending upon the raster 
orientation. 

The FDM machine deposited the raster patterns at 0°/45° and 90°/45° oriented composite 
structures. The weak interfacial bonding between the oriented fibers can be caused by (1) weak 
interlaminar shear properties of the fibers, (2) the volume change during the ABS transformation 
from liquid to solid, or (3) formation of pores during FDM processing [2]. 

Factor B - Air Gap: When the air gap was set at a negative value, the adjacent fibers 
overlapped each other. This increased the bonding between the fibers and created a tighter 
structure, as the porosity between the fibers was reduced. The lower porosity composite is 
expected to translate into a higher tensile strength. Hence, it is reasonable that a lower air gap 
setting (B-i) would maximize the composite strength. 

Factor C - Laver Thickness: When the layer thickness was reduced, the fiber diameter 
was reduced, and the fiber shape became more oval as shown in Fig. 5. Also, the 0° fibers (light 
phase) overlapped each other to a greater extent when the layer thickness was low. The lower 
layer thickness reduced the porosity and increased the volume fraction of fibers (to a smaller 
extent), which strengthened the overall composite structure. This adequately explains why a low 
layer thickness (C.i) is selected for increasing the tensile strength. 

Factor D - Raster Orientation: When the two raster orientations were compared, the 
difference between them was in the 0° and 90° oriented fibers since the 45° layers acted similarly 
in both cases. Fibers oriented parallel to the tensile axis would exhibit maximum strength, while 
those oriented perpendicular to it would have their weakest strength. This is shown in Fig. 4 
where the 90°/45° structure fibers perpendicular to the tensile axis. However, the 0745° structure 
was strong along the 0° axis, and fracture was along the weaker 45° fiber interfaces, where the 
interlaminar sheer stress was high. Therefore, 0°/45° structures are expected to have a higher 
tensile strength than 90°/45° structures. It is logical to select D.i factor level for maximizing the 
tensile stress. 

Fig. 4. Fracture of Tensile Specimens 
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AC Interaction: The high temperature allowed a longer time for viscous flow of the ABS 
material to fill the open porosity. It also contributed to a greater degree of bonding between the 
fibers. Hence, it would be expected that the higher temperature (A+i) would increase the tensile 
strength. As previously explained, the low layer thickness (C.i) setting was preferred for 
increasing the tensile strength. Therefore, it is not surprising that the high temperature and low 
layer thickness (A+iC.i) would interact to maximize the tensile strength. 

•mimmmfmmm^- 

#3l5pi^^- 

** if: «*•♦•' 

Fig. 5. Trial 9 (Left) and Trial 11 (Right) 
Trial 9: Fracture surface of 0°/45° composite at low layer thickness. 

Trial 11: Fracture surface of 0745° composite at high layer thickness. 

6.      Conclusions 
Using an LI6 (2'*) full factorial experimental design, the following conclusions 

resulted from our work: 
1. 

2. 
3. 

The yield strength is maximized by low air gap, low layer thickness, low raster 
orientation and the interaction between high mold temperature and low layer 
thickness. 
The ultimate strength is maximized by low air gap and low layer thickness. 
The effects of the factor levels on tensile strength were explained in terms of their 
microstructure and processing. 
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Solid Freeform Fabrication (SFF) refers to a group of processes that manufacture parts of 
arbitrarily complex geometry without tooling. Currently, the operation of most SFF machines 
requires skilled operators with expertise in choosing process parameters in ordered to achieve the 
desired part quality. Thus, the "push-button 3D hardcopy" promise of SFF has yet to be realized. 
This paper presents a framework for selecting optimal process parameter values automatically 
for the selective laser sintering (SLS) process. The research described considered five process 
parameters that are important for the SLS process. To achieve quality measures from the five 
process parameters, optimization is inevitable. The method optimizes these process parameters 
of SLS with respect to a set of desired quality measures, based on user input of the relative 
importance of each of the quality measures. The basis for the framework is the so-called D- 
optimality criterion applied to a series of factorial experiments that capture empirically the 
relationships between the process parameters and part quality measures. The framework is 
implemented in MINITARTM and a macro is used to perform the optimization 

1    INTRODUCTION 

Manufacturing processes that build parts by adding material on a layer-by-layer basis, in 
contrast to conventional methods that remove, reshape or add material are defined as Solid 
Freeform Fabrication (SFF) [1]. With such techniques, a prototype part is manufactured directly 
from a three-dimensional (3-D) CAD drawing source. Productivity in manufacturing is achieved 
by guiding a product from concept to market quickly and inexpensively. SFF technology aids 
this process as it automates the fabrication of a prototype part from a three-dimensional CAD 
drawing. This physical model conveys more complete information about the product earlier in 
the development cycle. The turnaround time for a typical rapid prototype part is a few days [1]. 
Conventional prototyping may take months, depending on the method used [2]. SFF is a quicker, 
more cost-effective means of building prototypes as opposed to conventional methods. The 
advent of SFF has changed mechanical design significantly [2]. 

While the technology involved in physically building a prototype is progressing, the process of 
reliably moving from a computer-generated model directly to a viable part is still in its infancy. 
Relatively little effort has been made to fiiUy characterize the relationships between process 
parameters and part quality metrics [4]. A small percentage of users are aware of how these 
processes actually work, what types of results they will produce, and thus what process 
parameter choices will result in parts of the desired quality. This situation causes machine 
operators to make assumptions during the manufacturing stage as to what the designers' 
intentions are for the parts to be produced, and to select process parameter ^alues accordingly. 
The research reported in this paper lays the groundwork for reaching the ultimate goal of "point 
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and click" SFF. We present an approach that allows the designer or the SFF part user to rank the 
final part quality measures that are important so that process parameters can be set accordingly. 
In particular, we describe an optimization technique for allowing the designer to know at the 
design stage whether a part manufactured by the given process parameters (i.e. the machine 
settings) can produce a part with the required quality. 

1.1    Research Objectives 

In all but the simplest design problems, engineers and manufacturers make decisions to 
optimize multiple criteria or objectives simultaneously. The problem at hand is an example of 
multicriteria optimization. 

The purpose of this research is to develop a method to optimize the 
capabilities of a SFF machine so that, given particular part quality (output) 
measures and their relative importance, the optimal values of the process 
parameters (input) can be determined. 

Our approach to realizing this goal involved two main objectives. First, we conducted a 
series of experiments to characterize the SFF process. These were factorial experiments in which 
several process parameters were varied systematically, and the resulting part properties were 
measured. The second objective was developing a computer environment for optimizing the 
process parameters for a target part quality. Different multicriteria optimization techniques were 
reviewed and the so-called D-optimality technique was chosen. The chosen implementation 
environment for the optimization is a commercially available statistical analysis system, 
MINITAB^M. A demonstration program was developed in the macro programming enviroimient 
of MINITABTM. The implementation was then tested and evaluated. In the next section, our 
experimental results are summarized. Section 3 describes the optimization macro that was 
developed, and section 4 presents an example of its use. We summarize the research in section 5. 

2     EXPERIMENTS 

A concrete set of manufacturing rules and constraints for a Solid Freeform Fabrication 
process allows part manufacturers to account for the designer's intent as the part is produced. 
The designer can also determine if it is possible to manufacture the part satisfactorily. With 
information on the capabilities of a particular SFF machine, the part model can be altered as it is 
designed so that it will ultimately be feasible using SFF to fabricate a part with the desired 
quality. We have developed a standard procedure for evaluating a SFF process [4] and have 
applied the procedure to a SLS SinterStation 125. This section summarizes that work. 

2.1    Selective Laser Sintering 

Selective laser sintering is a layered manufacturing process in which powdered material is 
melted by laser heat into the desired shape through the repeated scarming of cross-sectional areas 
that will eventually form the 3D model (See Figure 1). The machine consists of two' pistons 

' The most recent commercial systems have three cylinders, including two supply cylinders.    The 
Sinterstation used for these experiments has only one supply cylinder. 
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within cylinders that contain, respectively, supply powder and the part being built, a roller to 
spread the powder evenly, radiant heaters, sensors and a controller to heat the powder, and a laser 
and its optics. An inert atmosphere is maintained inside the build chamber. 

JwOjec ScsiiBcrs 

e. >... 

Ir 
r     I 

Figure 1. The selective laser sintering process [2]. 

The selective melting process is accomplished by a CO^ laser. The path of the laser is 
controlled by galvanometers that are connected to the control computer. The computer has a 
sliced 3D model that dictates the path the laser takes. Various scanning techniques are used or 
under research [4, 5]. We used the simple X vector raster scan for our experiments. 

Once the entire layer is scanned, a new layer of powder is deposited upon the previous 
layer. The part bed cylinder is lowered, causing the surface of the part bed to drop a prescribed 
amount. The powder bed cylinder is raised to provide powder for the next layer. The roller 
apparatus then traverses across the top of the powder bed, pushing the raised portion of the 
powder across the chamber to the lowered surface of the part bed. The powder covers the 
previously scanned areas with a thickness of powder that is determined by the amount the part 
cylinder has dropped. This value is the "layer thickness". The laser then scans the next layer. 
This process repeats until the 3D part is completed. 

2.2    Process Parameters and Part Quality Attributes 

In this research, the relationships between SLS process parameters and part quality 
attributes were determined experimentally. Full factorial experiments were used for data 
collection [4]. This type of experiment allows the minimal number of builds while still providing 
enough information to evaluate the main effects of each input parameter, as well as the 
interaction effects of the combined input parameters, with the same level of precision as "one-at- 
a-time" experiments [6]. In full factorial experiments, an experimental run is performed for every 
combination of factor levels. This is the most conservative of the experiment designs. 
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In these experiments, only one material, Duraform™, was explored. Duraform™ is a 
polyamide material used for fabricating functional prototypes. The process parameters below 
were identified as having significant relationships to part quality. 

• Laser power. Laser energy density, quantified by the Andrew number [3], is a function of 
the laser power, scan speed, and scan spacing, and has the units of J/in^. For our experiments, 
the scan speed and scan spacing were held constant. Thus, energy density was modified by 
varying the laser power between 4W and 8W. 

• Powder age. In the experiments described here, both recycled and virgin Duraform™ powde 
rs were used. Recycled powder refers to unsintered powder from previous builds. 
The effects of powder age were tested using virgin powder and powder that had been recycle 
d at least 10 times. 

• Layer thickness. Material choice severely constrains the allowable variation in this paramete 
Bounding limits for layer thickness were determined fi^om the size of the particles and the ma 
ximum layer thickness at which inter-layer bonding occurs, based on preliminary tests. 

• Part orientation. This parameter measures the deviation between a part-based coordinate sys 
tern and the build direction in the machine. The parts were oriented in the build cylinder such 
that the effects of scanning perpendicular to the long axis of the test part, as well as along its 
long axis, were tested. Additionally, orientations of OP, 45°, and 90° around the parts' long 
axes were evaluated. 

• Scan vector lei^th. This parameter is related to part orientation in the build plane. The SLS 
workstation used for the experiments scans in a raster pattern. A long slender part will be sea 
nned differently, depending on the orientation of its long axis with respect to the scanning dir 
ection. 

A series of specimens was fabricated on a DTM Corp. SinterStation 125, with the process 
parameters described above varied according to a full factorial design. The levels of the various 
process parameters are summarized in Table 1 bebw. The effects of part orientation and scan 
vector length were tested by fabricating multiple parts in the same build with different 
orientations (both in the build plane and with respect to the build direction). 

Table 1. Process parameter levels. 

Parameter No. of Levels Levels (Uncoded) 
Laser Power 2 5 W and 6.5W 
Age of powder 2 Old and new 
Layer Thickness 2 0.004" and 0.005" 
Scan Vector Length 2 Short and long 
Orientation 4 -90, 0,45 and 90 Deg 

After fabricating the specimens, we measured the following part quality attributes: 

•    Part  strength.   Several different measures of strength were tested using the tensile. 
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compressive, and bending forms of loading, and the impact strength or toughness of the 
sample. The values were obtained using a MTS tensometer and Izod impact tester designed 
for plastics. Sample hardness was measured using a Rockwell Hardness tester. 

Dimensional accuracy. For functional prototypes dimensional accuracy is important. 
Dimensional accuracy includes large dimension accuracy, small dimension accuracy and 
minimum positive and negative feature sizes. The analysis for each was performed at 
different orientations since the accuracy in the z direction is different from accuracy in the x 
and j^ directions. 

Thermal expansion. This attribute was measured with a Perkin-Elmer 7 series Thermal 
Analysis System. 

Surface roughness. The surface roughness was measured with a contact profilometer to 
evaluate the effects the parameters have on surfaces that are parallel, perpendicular, and 
angled with respect to the build plane. 

Table 2 below summarizes the measured part attributes. 

Table 2. Property limits of DuraForm™ parts on the SS125. 

Property Upper Limit Lower Limit 

Tensile Strength [psi] 7922 7 
Bending Strength [psi] 10657 35 
Compressive Strength [psi] 17510 1303 
Density [gm/cm?] 94.15 64.19 
Impact Toughness [J/cm] 153.42 17.07 

% Dimensional Error 0.72 
Thermal Expansion Coefficient [1/°C] 1.69&04 9.71E-05 

Surface Roughness [|Liml 33.5 7.7 

3    OPTIMIZATION OF PROCESS PARAMETERS 

In this section we describe our process parameter optimization tool. We chose to 
implement the optimization tool in an existing statistical analysis package after careful 
consideration of the desired functionality [12]. In particular we wanted an optimization method 
that would: 

• Optimize the experimental design (combination of process parameter values) used to 
achieve the desired part quality measures. 

• Use non- linear regression techniques to locate the optimal points. 

• Obtain the output for the process parameters in coded/uncoded units. Coded means the 
values are normalized in the range of -1 to 1, while uncoded means the values are 
obtained in the actual parameter units. 
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• Associate importances and weights with part quality measures to reflect the designer's 
preferences. 

• Find an optimal way to balance the customer needs (many part quality measures) that a 
designer must take into account before reaching a conclusion about the input parameters 
(process parameters) for the part. 

• Provide a user interface that shows the initial condition and the optimized condition and 
be able to switch back and forth between them. 

• Illustrate the interactions among various process parameters. 

Clearly, these functional requirements call for a multicriteria optimization method that 
uses regression (non-linear) techniques to achieve global optimization. After studying several 
techniques [7], the so-called "D-optimality" technique (discussed in the next section) was 
selected. The MINITAB''"'^ statistical package was chosen as the implementation environment, as 
it supports regression analysis and provides a macro programming facility for customizing the 
package. Also, the graphical interface generates plots and provides a dialog capability for user 
input. MINITAB''"^^, being a statistics software package, also runs factorial designs and provides 
response surface analysis. 

3.1    D-Optimality 

Since the 1980' s much work has been done in the field of experimental design, and 
considerable attention has been given to the use of the computer for constructing experimental 
designs for the user [8]. For a given computer design where the response variable, y, is a function 
of the design variables, x, we usually do not know the nature of the fiinctional relationship. We 
approximate the unknown relationship or function with an empirical model of the form [8]: 

y = gix,R)+e, (1) 

Where g(x,B)is an interpolating function, IJ is a vector of unknown coefficients in g, and £ is 
the random error (or bias from true physical relationships). For factorial experiments we usually 
assume that the interpolating fiinction is a low order (e.g., linear) polynomial: 

y=f\x)R + e = PJ,ix) + p,Mx)+K+PJ„(x) + e (2) 

Equation 2 is called the regression equation. Each of the terms /{x) is a multipUcative 
combination of the design variables, raised to the appropriate power, that contribute to that term. 
For instance, for a linear model with two variables, there are four terms: 

/,« = 1 

/2(X) = ^1 

/3(X) = ^2 

/,(X) = X,X2 
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To define the interpolating function g, we need to find values for the coefficients B in 

equation (2). We can do this by rewriting equation (2) in terms of the known response values 
measured from the experiments. The n sample experiments are characterized by the design points 
x,,X2,K ,x„. Each design point x, consists of a unique set of values for the k design variables. 

Let 

be the measured response values for the n sample experiments, and 

X = [f(x,),f(x2),K,f(x„)f 

be the n Xk design matrix. Then equation (2) can be rewritten as the set of equations: 

y = XB+e (3) 

where e is now a vector of error terms, one for each of the n sample experiments. 

Unbiased estimates of B can be found if the expected error values are zero and the 
variances of the errors for all design points are the same: 

V(e) = a'l 

where s is the standard deviation and I is the identity matrix. 

With equation (3), the least squares technique can be used to compute B, an estimate of 
B, assuming the number of design points in the experiment exceeds the number of parameters^,-: 

B = (X^Xr'XV (5) 

Using these estimates and equation (2), the estimate the value of the response variable is: 

i)=f^(x)B (6) 

A measure of the accuracy of the estimates B is the variance-covariance matrix V(B), 

defined as: 

V(B)=(T'(X^X)-' (7) 

The optimal design is one that minimizes the variance defined in equation (7). However, the 
minimum of a matrix is not a well-defined concept. A number of operational criteria have been 
developed. One criterion, D-optimality, seeks to minimize the determinant of the matrix 
(X^X)''. Of the available optimality criteria, Doptimality gives accurate parameter estimates 
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and takes the least time to compute [8, 9, and 10]. D-optimality is also appropriate when multiple 
responses are involved. Hence we have chosen the D-optimality criterion for our research. 

3.2    Implementation 

In this research, D optimality is applied to the 9 responses (part quality measures), the 
data for which was obtained from [4]. The implementation uses a D-optimality macro in 
MINITABTM. For each optimization run, the part quality measures to be optimized are first 
chosen. Then the goal for each response (maximize, minimize, or target) is chosen, and the user 
provides values for parameters (limits and targets) appropriate for each type of goal. Weights are 
then associated with the responses. The weights define the shape of the desirability function. The 
values of the weights vary from 0.1 to 10 to de-emphasize or emphasize the response. Finally, 
importances are assigned to the responses. Values of importance must be between 0.1 and 10 
[11]. If all responses are equally important, the default value of one is used for each response. 
The composite desirability is then the geometric mean of the individual desirability [11]. 
However, if some responses are more important than others, the user can incorporate this 
information into the optimal solution by setting unequal importance values. 

4    EXAMPLE: PROSTHESIS SOCKET OPTIMIZATION 

In this section we present an example where different target values for the part quality 
measures are required for different regions of the part. The example focuses on determining the 
optimal process parameters for fabricating a patella tendon bearing (PTB) socket, part of 
prosthesis used by below-the-knee amputees. An image of a PTB socket is shown in Figure 2. 
This socket is designed such that the residual limb contacts all areas of the socket. However, the 
socket is designed with compliant areas in the regions where pressure sensitive tissue touches the 
socket. The patella tendon area is the weight bearing part in the socket while the pressure 
sensitive areas are the distal end and the fibula end (see Figure2). The bottom of the socket 
consists of a pylon fitting that is attached to an aluminum pylon and prosthetic foot assembly. 

Patella Tendon 

Compliance 

Distal End 

Fibula Head 

Figure 2. Patella tendon bearing socket. 
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For this example the comphant areas have different part quahty targets than the other 
areas of the socket. The two part quahty measures identified as the most important for the user in 
each area are tensile strength and 3 point bending strength, respectively. Goals, weights and 
importances were assigned to each of the nine quality measures and optimized. The macro 
begins by assuming a full factorial design and obtains data from the "responses.xls" file. The 
macro then performs sequential optimization, and the search improvement for optimization is 
done using one exchange point. The following were the goals, importances and weights for the 
compliant part of the socket 

Table 2. Properties of the compliant part of socket 

Quality Measures Goal Lower Target Upper Weight Importance 

Tensile Maximum 19 7775 7775 1 
3 Point Minimum 29 1000 11090 10 
Charpy Maximum 17.95 153.4 153.4 8 
Density Target 64.19 94.2 94.2 6 
Compress Maximum 1302.5 16665.1 16665.1 0.5 
Surface Roughness Target 7.7 7.7 33.5 2 
Thermal Exp Minimum 0 90E-6 133E-6 0.1 
Dimension Ave Minimum 0.1 0.1 1.7 9 
% Dimension Minimum 0.3 0.3 43.8 9 

As can be seen from the parameter settings flie goal is to minimize the 3 point bending 
strength, with a maximum importance. This is because the areas where the socket needs to be 
compliant must have little bending resistance, i.e., minimum 3 point bending strength. The 
composite desirability achieved for the given settings (goals, weights and importances) of the 
process parameters is 0.52613. The parameter settings for the five process parameters (uncoded) 
according to this optimization are: 

Table 3. Parameter settings for the five process parameters for compliant areas of socket. 

Parameter Setting 
Power 5.24 
Thickness 0.005 
Age new 
Vector Length long 
Orientation -90 

For load-bearing areas of the socket the goals, importances and weights are summarized 
below in Table 4. The goals include maximizing the tensile strength, with a maximum 
importance attached to this goal. As these parts of the socket must bear the weight of the patient, 
tensile strength becomes the controlling material property. The composite desirability achieved 
for the given settings (goals, weights and importances) of the process parameters is 0.50847. The 
parameter settings for the five process parameters (coded) according to this optimization are 
given in Table 5. 
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Table 4. Properties of the remaining part of socket 

Quality Meas ures Goal Lower Target Upper Weight Importance 
Tensile Maximum 19 7775 7775 10 
3 Point Minimum 29 1000 11090 4 
Charpy Maximum 17.95 153.4 153.4 8 
Density Target 64.19 94.2 94.2 6 
Compress Maximum 1302.5 16665.1 16665.1 6 
Surface Roughness Target 7.7 7.7 33.5 2 
Thermal Exp Minimum 0 90&6 133E-6 0.1 
Dimension Ave Minimum 0.1 0.1 1.7 9 
% Dimension Minimum 0.3 0.3 43.8 9 

Table 5. Parameter settings for load-bearing areas of socket. 

Parameter Setting 
Power 5.58W 
Thickness 0.0046" 

Age Old 
Vector Length Long 
Orientation -70 degree 

This example focuses on a part to be manufactured by SLS in response to different 
customer needs for different parts of the same socket. The optimization function shows that the 
power, thickness and vector length will have to be changed for the socket to work as intended. 

In the compliant areas of the socket the power level should be lower than that in the load- 
bearing areas of the socket. Layer thickness, powder age, and orientation should also vary for the 
compliant areas and the load-bearing areas of the socket. See Table 6 below for a comparison of 
the values: 

Table 6. Comparison of five process parameters for compliant and the load-bearing 
areas of socket. 

Compliant Part Rest of the socket 
Power 5.24 W 5.58W 
Thickness 0.005" 0.0046" 
Age New Old 
Scan Vector Length Long Long 
Orientation -90 degree -70 degree 

4.1    Interpretation of Results 

In this section we interpret the results of optimizing the process parameters for the 
application described above, beginning with laser power. An increase in the process parameter 
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laser power means the powder melts more thoroughly and forms better bonds between layers. 
This leads to increases in tensile, 3 point bending, and compression strengths. Better bonding in 
turn leads to better dimensional. For the load-bearing areas of the socket the tensile strength has 
importance 10 (most important) followed by average dimension, % dimension error and charpy 
impact strength. These areas of the socket must be structurally sound, i.e., the tensile strength 
should be large enough to transfer the patient's weight to the pylon fitting. 

Increasing the layer thickness reduces the tensile, 3-point bending and compressive 
strengths [4]. This is because, with an increase in layer thickness for a given power, the powder 
does not melt as thoroughly as it would for thinner layers or higher power. For the compliant part 
the 3 point bending is the most important part quality measure followed by average 
dimension, % dimension error and charpy impact strength. Thus, a smaller 3 point bending 
strength is desired to allow more bending in compliant. Layer thickness affects several part 
quality measures, the most important being the build time. The surface roughness should 
decrease with decreased layer thickness because the stair step effect [4] between layers is 
reduced. 

Powder age indicates either new powder or recycled powder. Watson [4] showed that 
accuracy decreases with an increase in the number of times the powder is recycled. Because 
compliance is increased by changing the local geometry (either thickness or by incorporating 
compliant features), accuracy is important in the compliant areas of the socket. Also, recycled 
powder requires more thermal energy, which can have the side effect of part growth or curl. 

The scan vector length affects the density of the part produced. The part starts to cool 
immediately after the laser passes over the powder. The longer the laser takes to melt the 
adjacent powder the higher the thermal gradients. With bng scan vectors the powder takes 
longer to cool than with short scan vectors [4]. Other part quality measures are also affected by 
the scan vector length due to the galvanometer motion. The motion of the galvanometers is such 
that, when the direction changes, they first decelerate, stop briefly and then accelerate in the 
other direction. This can result in high energy density over the scanned area. Also a part with 
complex geometry may require small scan vectors. Since this prosthesis does not have any 
conplex geometric features, we decided to use large scan vector lengths. This speeds the build 
process up and reduces costs. 

Orientation is a major factor in determining the final part quality. For taller parts, the 
machine processes more layers, and more time is required to complete the build. Laser scan time 
is dependent on volume and not on orientation. If the part can be oriented in such a way that the 
longest side is in the plane then the time and cost needed to produce the part are greatly reduced. 
Orientation also affects part strength. In the x-y direction the powder melts homogeneously, 
while in the z direction there is a possibility of improper bonding between layers. This can lead 
to relatively poor lamination and strength reduction in that direction. For compliant areas, where 
more strain is desired for a given stress value, Watson [4] shows that orienting the part with the 
longest dimension in the z direction results in more compliance and lower 3-point bending 
strength. Since our method does not account for the geometry and sizes of the parts in x, y and z 
direction we assume that the part is oriented to minimize the time of manufacture and ultimately 
the cost. For the prosthesis socket, this means the longest dimension is in the x-y. The parameter 
optimization results suggest that for the required part quality measures the orientation should be 
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such that the longest dimension is along the z direction for the compliant areas of the socket and 
slightly tilted (20 degrees to the earlier orientation) for the load-bearing areas of the socket. This, 
of course, is not possible, but serves to illustrate how our method accounts for orientation in 
process parameter selection. 

4.2    Optimization Plots for Prosthetic Socket 

The MINITAB^M user interface presents the optimization results in graphical form. 
Figures 3 and 4 show optimization plots obtained for the prosthetic socket example. There are six 
columns in each figure. The first column lists the parameters and gives the optimal value for the 
settings. The subsequent columns give the process parameters, high and low coded values, and 
the optimal value. For instance, the second column plots the variation of power from -1 to 1 in 
coded units. The vertical red line in each column shows the optimal process parameter settings 
for all the different part quality measures. The dotted blue line in each row gives the response for 
the set weights and importances. 

The plots summarize the optimize results, allowing the user to effectively detect trends. 
For instance, in Figure 4 the tensile strength variation is linear (in blue) and hence shown by a 
straight line. In contrast, for the compressive strength, the variation for orientation process 
parameter is quadratic, indicated by the curve in the plot. A comparison of Figures 3 and 4 shows 
that the optimal points of operation are different (shown by red vertical lines). Also the responses 
for the part quality measures are different in both the figures for a given response, as the 
objectives, weights and importances are different in each case. 
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Figure 3. Optimization plots for compliant areas of the socket. 
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Figure 4: Optimization plot for load-bearing areas of the socket. 

5     CONCLUSIONS 

This paper describes a system for choosing optimal process parameter values for 
manufacturing a part using selective laser sintering. The system uses the D-optimality algorithm 
and nonlinear regression to determine the best values for process parameters based on 
experimental part quality data from a series of factorial experiments. Our approach allows the 
designer to prioritize the different part quality metrics and focus on those that are most important 
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to the customer. Using this system, the part designer can balance the various requirements of a 
customer to achieve the optimal part quality. 

The research suggests several avenues of future work. The most obvious extension of the 
work is to apply the framework to other SFF machines and processes. Watson [4] describes a 
methodology for characterizing SFF processes. We believe the framework described in this 
paper is general enough to accommodate data from other processes and machines, but this must 
be shown with concrete examples 

A second area of improvement is the optimization environment itself The current 
implementation of the macro requires use of the MINITAB^M drop-down menus. This is a 
cumbersome artifact of the chosen implementation vehicle. Other implementation tools should 
be studied to determine if a more suitable environment is available. 

A third, more general extension of this tool is extending to a true manufacturability 
evaluator. Currently the system only reports the optimal process parameters. It does not provide a 
measure of how manufacturable the design is, nor does it give suggestions on improving 
manufacturability. This goal is clearly necessary to realize the potential of SFF to be "push 
button" manufacturing technologies. 
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Abstract 
This paper reports on a fabrication platform and extensions to deposition-based processes 

that permit freeform fabrication of three-dimensional functional assemblies with embedded 
conductive wiring and power sources. Structure and joints are produced by fused deposition of 
thermoplastics and deposition of elastomers. Conductive wiring is achieved by deposition of 
various low-melting-point alloys and conductive pastes. Batteries based on zinc-air chemistry are 
produced by deposition of zinc, electrolyte, and catalysts, with separator media and electrodes. 
Details of the deposition processes are provided and several printed assemblies are demonstrated. 

Introduction 
In the last several years, there have been an increasing number of solid-freeform 

fabrication processes and materials being researched. It has not escaped the notice of some that 
this diversity is nearing the point at which almost any conventionally manufactured part could be 
made entirely via SFF processes, and that a synthesis of compatible processes may permit the 
fabrication of entire functional assemblies [Weiss and Prinz, 1998; Safari et. al, 2000] and even 
complete functional systems [Lipson et. al, 2000]. The Cornell Computational Synthesis 
Laboratory (CCSL) is investigating the freeform fabrication of functional, integrated, 
electromechanical systems, and an understanding of the interface between the design process and 
this new fabrication domain. A high-performance motion control platform and an initial set of 
tools have been designed and constructed that have enabled the exploration of layered fabrication 
processes in a wide variety of materials and material combinations. The materials experimented 
with thus far include thermoplastics, low-melting-point alloys, and a variety of gels and slurries. 
Here we report on freeform fabrication of a zinc-air battery which is capable of powering a small 
DC brush motor, thermoplastic and elastomer flexure joints, two approaches to embedded 
wiring, and structures with embedded wiring. These components are some of the basic building 
blocks necessary for freeform fabrication of three-dimensional, functional, electromechanical 
systems. 

Fabrication Platform 
In order to provide maximum freedom for experimentation with a wide variety of 

materials and processes, a custom robotic platform and two material deposition tools have been 
designed and constructed. The initial requirement employed in the design of these tools can be 
stated briefly as follows: the motion control platform should provide maximal parametric 
freedom to the deposition processes, and permit the sequential use of many deposition processes 
in the course of fabricating a given object. The most significant assumption informing the design 
is that materials will be deposited as streams or droplets in a layered manufacturing process. 
Positioning is therefore limited to three Cartesian axes, and an emphasis was placed on velocity 
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regulation, path-following and positioning accuracy, resolution, repeatability, and high 
acceleration to achieve fine features while printing at a constant material feed rate. Lower 
acceleration performance would require more complex deposition feedrate control. Table 1 
describes the performance requirements employed in the design of the positioning system. 

Figure 1: Gantry robot fabrication platform 

A Cartesian gantry-configuration robot (Figure 1) has been selected for this application for its 
relatively simple control, large payload capacity relative to rigidity, and positioning/path- 
following performance. Linear motors, ballscrews, and cable-pulley systems were all considered 
for the drivetrain, and ballscrews were selected for simplicity. A cable-pulley system is an 
attractive alternative because the drive motors themselves do not need to be located on the 
moving components of the system. 

Table 1: Fabrication System Performance Specifications 

Minimum material stream/drop diameter 
Materials cross-section area 
Build rate 
Nominal speed along path 
Min turn radius at nominal speed 
Tool Position Accuracy (+/-) 
Tool Position Repeatability {+/-) 
Positioning Resolution 
Build envelope x 
Build envelope y 
Build envelope z 
Max XY acceleration  

250 pm 0.010 in 

4.9x10"^ m 
2.5x10"^ m% 0.55 in'^S/h 

0.05 m/s 
125 pm 4.92x10-^ in 
25 pm 9.84 xlO^" in 
25 pm 9.84x10-" in 

5 pm 1.97 xlO"" in 
0.3 m 11.8 in 
0.3 m 11.8 in 
0.3 m 11.8 in 

20.75 m/s^ 2.12 fl 

A software application has been created to manage path planning and control. Multi- 
material objects are defined using multiple STL (stereolithography) files, each describing a 
single material. Each material is associated with a deposition tool and material properties 
governing layer thickness, deposition width and deposition rates. Geometry slicing and path 
generation algorithms construct unique perimeter contour and fill raster paths based on the tools' 
and materials' parameters, and combine the layers into a fabrication sequence with increasing 
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height. Special care is needed to prioritize layers of similar heights according to interaction 
among materials. 

Deposition Tools 
A freeform fabrication system capable of producing complex, functional products 

requires a highly versatile deposition tool or set of deposition tools to address the need to deposit 
a broad range of materials with vastly different physical properties. The set of materials 
explored in the freeform fabrication of batteries can be organized into four basic categories: 
plastics, metals, liquid chemicals, and chemical pastes. For the initial experiments, two separate 
deposition tools were designed - one for plastics and metals, and another for liquid chemicals 
and pastes. The tools were designed to be compatible with both a Cartesian robot and a six-axis 
robotic arm in order to allow for experimentation with both types of positioning systems. Load 
restrictions and dimensional limitations of robotic arms require that tools be small and 
lightweight, a feature that also leads to lower systemic inertia and enhanced robotic performance. 

Figure 2: Extrusion tools constructed: (a) wire-fed extruder, and (b) syringe tool 

The deposition tool for metals and plastics (Figure 2a) is an extruder that feeds material in wire 
form (0.050" - 0.070" diameter) through an actively ak-cooled metal guide tube and into a 
heated liquefier block containing a nozzle [Swanson et. al. 1999]. The tool has been successfully 
tested with solid core Pb-Sn solder wire, as well as ABS (acrylonitrile-butadiene-styrene) 
thermoplastic wire. 

A separate tool was designed to deposit liquids and chemical pastes (Figure 2b). This 
tool accepts standard commercial lOcc Luer-lock syringe barrels and plungers. The plunger 
position is actuated by a linear stepper-motor capable of exerting 50 Ibf Prior experiments with 
a pneumatic dispensing system proved open-loop pressure control to be unsuitable for freeform 
deposition of slurries; instead, volumetric control provided by the current approach is more 
broadly applicable, and also allows for more precise reverse-flow control. The design of the tool 
simplifies experimentation with a broad range of materials. Materials may be easily changed by 
substituting a different syringe barrel and plunger in the plunger-driver component of the tool. 
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Freeform Fabrication of a Zinc-Air Battery 

The freeform fabrication of a functional battery was selected as a comprehensive test of 
the multiple material capabilities of the previously described platform. There is little literature 
on the production of freeform, three-dimensional energy storage devices, though a planar thin- 
film cell has recently been demonstrated by Power Paper Ltd. (2003) for low-power applications. 
Freeform fabricated batteries are a major step toward freeform fabricated, active, fiinctional, 
electromechanical systems. The size, shape, and performance of a cell become free design 
parameters, and can be customized for the specific geometry and fiinctional requirements of a 
product. A cell can be placed at arbitrary locations within the product, rather than forcing the 
design of a product to be limited by the characteristics of commercially available energy sources. 
With this in mind, research and experiments were conducted in an effort to produce a freeform 
cell. For the purpose of these experiments, a cell is defined as a device that converts the chemical 
potential energy between its anode and cathode materials into electrical energy by means of 
redox reactions: reduction (electron gain) at the cathode, oxidation (electron loss) at the anode. 
A battery is comprised of one or more connected cells. The essential components of a Zn-air cell 
are the negative terminal, anode, separator, cathode catalyst, cathode, positive terminal, and 
electrolyte (Table 2, Figure 6). 

Table 2: Key Battery Components / Materials Tested* 

Cell Component 

Electrolyte 

Negative terminal 

Anode 

Separator 

Cathode catalyst 

Cathode 

Positive terminal 

Materials Tested 

0.25 Molar -> 8 Molar solution of potassium hydroxide (KOH) and distilled water 

Paste of methylcellulose (MC) with copper (Cu, 99% purity 2-5 pm), or with silver (Ag, 99% purity 1 pm) 

Slurry of electrolyte with zinc (Zn, 97.1% purity, dust) and surfactant 

Paper, or Rescor 740 insulating ceramic foam (Cotronics Inc.) 

Slurry of carbon black, manganese dioxide (Mn02, 80-85% purity), and electrolyte 

Air 

Paste of methylcellulose with nickel (Ni, 99% purity -325 mesh), or copper, or silver 

* Many of these materials are hazardous, and should only be handled with proper training and protective equipment 

Zinc-air cell chemistry was the first considered because of its simplicity and high energy density. 
The basic chemical reactions are: 

At Air Cathode: 72 O2 + H2O + 2e ^20H" 
At Zn Anode:     Zn -> Zn^* + 2e 

Zn^* + 20H- -> Zn(0H)2 

Zn(0H)2 -> ZnO + H2O 

Overall: Zn + ViOz -^ ZnO : Eo=1.65 V 

The experiments outlined below investigate the effects on cell performance of electrolyte 
concentration, current collector composition and geometry, cell structure and construction, and 
cathode catalyst composition. After the initial tests were conducted and the fiindamental 
characteristics understood, the research shifted to adapting a battery design to solid-freeform 
fabrication processes. 
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Zn-Air Electrolyte Experiments 

Tests were conducted with the aim of understanding the basic anode and electrolyte 
chemical ratios and concentrations, and all other variables were held constant. The test 
procedure [Isaacson, 2003] included mixing the Zn with various concentrations of KOH (0.25M 
to 8M) and placing the mixtures in an ABS cell casing, using copper wire as both the negative 
and positive terminals (Figure 3a). 

Piper Towil 
Scpintor 

• 

Pi^er Towel 

Scpirplqr 

Copper Wire Anode 

Tcnnmi] md Current 

Collector 

Copper Wire Anode 
Tcimini] and Ciorent 

Collector 

(a) (b) 

Figure 3: Experimental cells, in cross-section: (a) basic Zn-air cell and (b) Zn-air cell with Mn02 and carbon 
black catalyst 

Paper was initially used as a separator for simplicity and consistency. The cells were 
loaded with a 102 Ohm resistor and the voltage recorded. It was found that an electrolyte 
concentration of 7M to 8M gave the cell a more consistent voltage over its lifetime. 

Catalyst Experiments 

Manganese dioxide and carbon black were then added to the cell to improve cell 
performance [Tinker, 2002]. The ratio of MnOi to carbon was derived from manganese dioxide 
alkaline cells. These materials are also used as a catalyst in commercial Zn-air batteries [Linden 
el al. 2002; Duracell, 2001]. By weight, the anode was comprised of 65% Zn and 35% 8M 
KOH, the catalyst was comprised of 50% MnOi, 44% 8M KOH, and 6% carbon black, and the 
separator layer consisted of 8M KOH saturated paper. The cell was constructed in a similar way 
to the previous cell design with the addition of a catalyst layer (Figure 3b), and tested in the same 
manner. Important observations made from these tests were that the consistency of cell 
performance improved and the voltage doubled compared to previous tests. The most significant 
observation was that the power output increased by 500%. To reduce the potential energy barrier 
at the terminal junctions, nickel and copper wire were used for the cathode and anode current 
collectors respectively. 

Surface Area and Current Collector Experiments 

Tests were conducted to understand the effects of surface area and increase overall 
performance. Using the same cell chemistry and mass of material as in previous tests, the cell 
surface area was increased from a 1" diameter to a 3" diameter, and the current 
collectors/terminals were doubled in length (6" coiled wire to a 12" coiled wire). The cells were 
loaded with a 33 Ohm resistor to acquire data relevant to the goal of running a 30mW electric 
DC brush motor.  The graphs (Figure 4) below demonstrate that cells of this simple design are 
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able to supply more than 30mW at IV for more than V2 hour. The cells were able to turn the 
motor, and in doing so, validated the tested cell chemistry and structure. 

Voltage vs. Time: Increased Surface Area & Current Collector 
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Power vs. Time: Increased Surface Area & Current Collector 
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Figure 4: (a) Voltage vs. time of cell with increased surface area and current collector area and (b) power vs. time 
of cell with increased surface area and current collector area 

Separator Experiments 

Methylcellulose (MC) gel and Rescor 740 insulating ceramic foam were both tested for 
their efficacy as separator layers, to replace the only remaining unprintable component in the 
cells - paper. Methylcellulose (3 grams of MC to lOOmL of 100°C distilled water) does not 
interact well with 8M KOH electrolyte [Danko, 2003] - the gel deteriorates and allows shorting 
between cathode and anode. Rescor 740 (100 parts base to 64 parts activator) is a permeable 
ceramic foam which absorbs the electrolyte and allows for the migration of ions across the layer, 
making it a viable choice as separator. 

Extrusion Experiments 

Conductive Pastes 

Various metallic pastes and solder alloy were tested as materials for current collectors. 
Pb-Sn solder proved to be incompatible with the cell chemistry and was ruled out as a terminal 
material. MC was mixed in 1:1 ratios by mass with Cu, Ni, and Ag powders, and each was 
extruded through a syringe creating extrudable wires. Silver paste proved to be the best material 
for the cell terminals for two reasons; the silver terminals did not react with the cell chemistry 
and had lowest electrical resistivity of the pastes. This paste was thus used for both the anode 
and cathode current collectors/terminals. The nozzles used for testing were 14Ga stainless steel 
needles, which produced a stream approximately 1.4mm in diameter. 

Separator 

Surfactant was added to the Rescor 740 ceramic foam material to enable extrusion and to 
delay the curing of the material while in the syringe. The foam slurry is highly viscous and 
prone to phase separation, and requires a large diameter nozzle for successful extrusion. Initial 
testing indicated that the addition of the surfactant in the separator material reduces power output 
slightly, and more testing is necessary to determine the optimum material and/or 
Rescor/surfactant ratio. The internal diameter of the nozzle used was 1.9mm, and the resulting 
stream of material was about 1.3mm in diameter. 
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Andde 

The anode material (a slurry of Zn and KOH solution) was exceptionally difficult to 
extrude, as Zn settles out of the slurry and clogs the syringe. Surfactant was added to prevent 
clogging, but the resultant increase in ease of handling comes at the expense of some cell power 
output. Therefore, the slightest possible amount of surfactant was used. The anode consisted of 
60% Zn, 30% KOH, and 10% surfactant by weight. The nozzle diameter was approximately 
7mm, resulting in comparably-sized drops of deposited material. 

Catalyst 

The Mn02 and carbon black powders are extrudable when pre-mixed with KOH solution. 
In order to achieve an homogeneous slurry, the catalyst material was forced through a syringe 
several times before use, using a pneumatic dispensing machine. 14Ga stainless steel syringe 
needles were used, and these produce a stream of about 1.4mm in diameter. 

Freeform Fabricated Cell Design 
The next round of experiments focused on the fabrication process. These tests were 

designed to demonstrate that 100% of the materials for a complete cell could be extruded, to 
verify that freeform fabricated cell performance would be adequate (i.e. sufficiently powerfiil to 
turn the motor and have comparable vohage/power output to previously tested cells), and to 
identify problems that might occur during production with the fabrication platform. 

Table 3: Process for Constructing a Manually Extruded Cell 

Negative Terminal 

The silver slurry was extruded into a container with a copper wire exposed to the silver for data 
collection purposes. It was then dried using a heat gun. The heat helps to evaporate the water 
from the MC solution and allows the material to be strong enough to receive the load of the 
next layer. 

Anode 

Here the Zn-KOH and surfactant slurry was added over the silver negative terminal. 

Separator 

For testing purposes, the Rescor separator layer was pre-cast. It was allowed to cure at room 
temperature for approximately five hours to ensure that the layer was solid and would not 
interfere with the other cell components and chemistry. 

Catalyst and Cathode Terminal 

Finally, after the separator was placed over the Zn, the catalyst was extruded freely over the 
separator. The silver slurry was then liberally extruded over the catalyst and separator. A 
copper wire (not shown) was placed over the silver cathode terminal for data collection 
purposes. 
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Manually Extruded Cell and Results 

Firstly, a cell was made by hand using only the extrudable materials and extrusion 
deposition. This process is detailed in Table 3 above. The graphs below (Figure 5) show the 
voltage and power output of the cell - loaded with a 100 Ohm resistor - over a one hour period. 
The all-extruded cells have satisfactory performance, delivering more than lOmW at more than 
IV for the entire hour of data collection. The downward spike in the graphs occurred when the 
cell was connected to the motor for demonstration testing. Multiple tests conducted with this cell 
design and manufacturing technique show repeatable results over a sample size of approximately 
six cells, suggesting the feasibility of producing a functional cell on the freeform fabrication 
platform. 

Voltage vs. Time: Manually Extruded Cell Power vs. Time: Manually Extruded Cell 
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Figure 5: Performance of manually extruded cell; (a) voltage, and (b) power to 100 Ohm load. 

Freeform Fabricated Cell 

The freeform fabricated cell design is essentially identical to that of the manually 
fabricated test cells. Figure 6 shows a cross-section view of the cell design. The zinc anode is 
surrounded by silver paste to enclose the zinc and prevent KOH evaporation, and to increase the 
reaction surface area of the negative terminal. 

Cathode Terminal 
Cctalysl 

Anode Terminal 
and Current Collector 

Zinc Anode 

Figure 6: Cross-sectional view of freeform fabricated cell design 

The separator layer is intentionally designed to be excessively large compared to the rest of the 
cell components to ensure that the cell does not short. The catalyst layer is extruded on top of 
the separator layer, and the cathode terminal, constructed of MC/silver paste, is printed directly 
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over the catalyst. Both the anode and the cathode terminals are connected to the motor or the 
data acquisition board via copper wires. Figure 7 highlights some key steps in the successful 
freeform fabrication of this cell design. 
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(c) (d) (e) 
Figure 7: Sequence of operations in freeform fabrication of battery: (a) solid view of battery model in CCSL SCM 
software, (b) slicing of battery model in SCM application to generate tool paths, (c) deposition of Rescor separator 
layer, (d) close-up photograph of completed battery, and (e) dissection of battery (anode terminal on left and 
separator layer/zinc anode on right) 

Results and Discussion 
The performance benchmark test for the freeform-fabricated cell was the ability to power 

a small DC brush motor, which consumes about 30mW, unloaded. The cell was able to provide 
the starting current for the motor, and ran the motor for about 2 seconds. Figure 8 depicts the 
open circuit voltage of the cell after it ran the motor. When comparing this voltage to previous 
tests it is evident that the cell has excellent construction (no internal shorting) because the open 
circuit voltage is near the theoretical maximum potential for a cell of this chemistry (~1.6V). 
After having run the motor, however, the cell was no longer able to generate significant power, 
perhaps because of poor oxygen transport into the cell, electrolyte evaporation, or insufficient 
zinc quantity. A thinner separator layer, enclosing the cell in a thermoplastic case, and 
increasing the volume of deposited zinc anode will be examined as remedies for each of these 
problems, respectively. It is also apparent that the dimensions of the physical cell differ from 
those specified in the design. This is a resuh of the number of materials involved, material 
preparation variability, material property degradation, and high sensitivity of tool calibration to 
material properties. Further refinements in equipment calibration and material processing 
methods will improve output control. 
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Open Circuit Voltage vs. Time: Freeform Fabricated Cell 
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Figure 8: Open circuit voltage of freeform fabricated 
battery Figure 9: ABS and RTV silicone elastomer flexure 

joint 

Other Material/Functionality Experiments 
As a demonstration of a multi-material functional mechanical assembly, a flexure joint 

was fabricated using ABS as the rigid end members and a 1-part, room-temperature vulcanizing 
(RTV) silicone as the flexible connection (Figure 9). The silicone is filled with carbon black to 
make it freestanding upon extrusion. The combination of electrical and mechanical functionality 
within the same freeform fabricated part is highly desirable and a number of approaches have 
been investigated [Ting et. al. 2001; Safari et. al 2000]. Some initial qualitative experiments 
with applications of MC / metal powder pastes as fimctional materials outside of batteries have 
revealed that dehydration of the MC gel can lead to shrinkage and cracking of a deposited road 
of MC paste, and that adhesion to substrates also suffers after dehydration. A rudimentary 
electromechanical assembly was freeform fabricated as lines of silver / MC paste embedded in 
an ABS and silicone flexure joint (Figure 10c). This device successfully carried sufficient 
current to light an LED (~10mA), but was too delicate to survive much mechanical use due to 
cracking and detachment of the conductive paste. 

Solder alloys are being investigated as a means of depositing wiring into components, 
and fabricating metal parts [Priest et. al, 1997], and at least one commercial process exists 
which is capable of depositing solder alloy wiring onto a wide variety of substrates [Hayes et. 
al, 1998]. Our previous experiments revealed that a large reservoir of molten eutectic alloy, for 
instance in a syringe, has the tendency to drain uncontrollably from the reservoir or to freeze in a 
nozzle. As an alternative approach, a solid-core, Pb-Sn solder wire was used as the feedstock for 
the wire-fed extrusion tool, and solder deposits were made directly on a build surface. Figure 
10a depicts the results of these tests. It was found that there are small, separate regions of the 
parameter space in which it is possible to form either lines of overlapping frozen droplets of 
approximately 1mm in diameter (Figure 10a, left), or a very thin but continuous wire of 
approximately 250^im in diameter (Figure 10a, right). As a test of compatibility between 
materials, several ABS and solder test coupons were freeform fabricated (Figure 10b). The 
deposited solder is electrically continuous for the entire "U" shape in the right-hand sample 
which was produced at a fast feed rate, but only continuous about 2/3 of the total length of the 
"U" for the left-hand sample, which was produced at a much slower solder feed rate. The lead- 
tin solder does not wet ABS well, so making a robust interface between the two materials 
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requires some surface preparation, or simply tightly embedding the solder within a charmel in the 
ABS material. There is some indication that wetting may be improved by the use of indium- 
bearing alloys, although this has yet to be tested. 

(c) 

Figure 10: (a) Effect of deposition parameters on quality of solder alloy wiring, (b) partial success at embedding 
solder alloy wiring in thermoplastic part, and (c) flexure joint with silver/methylcellulose paste conductor 

Conclusions 
A zinc air cell has been successfully manufactured via freeform deposition techniques. 

The printed cell delivered at least 30mW for 2sec, from only Igm of zinc slurry. Mechanical 
flexure joints have been freeform fabricated, as have a thermoplastic part with embedded metal 
wiring and a flexure joint with embedded silver/methylcellulose paste wiring which is capable of 
carrying more than 10mA of current. Obvious routes exist to improving the functionality and 
durability of all of these. The battery, flexure joints, and embedded wirmg together demonstrate 
the feasibility of combining multiple materials into fiiUy functional assemblies within a single 
freeform fabrication platform. Through further testing and optimization, higher performance 
cells are achievable, as are more sophisticated fiinctional assemblies, leading the way to the 
production of immediately useable, freeform fabricated, electromechanical devices. 
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Abstract 

Initial studies of the aerodynamic characteristics of proposed launch vehicles can be made more 
accurately if lower cost, high-fidelity aerodynamic models are available for wind tunnel testing 
early in design phase. Rapid Prototyping (RP) is an emerging key technology for producing 
accurate parts directly from CAD models quickly, with little need of human intervention. Use of 
RP models was studied at the NASA Marshall Space Flight Center (MSFC). It was concluded 
that RP methods and materials can be used only for preliminary design studies and limited 
configurations because of the RP material properties that allow bending of models under higher 
loading conditions. The reported results and analysis were based on wind tunnel balances. These 
balances give total load on the body. Thus, there is a need for studying the pressure distribution, 
the wave pattern and the system behavior under high-speed conditions. In order to study the 
above goals, a blunt nose cone of a launch vehicle/ missile was tested which was made using the 
solid based RP method FDM, with a Mach number of 2.0. It is concluded that RP models can 
take the load at the Mach number 2.0 and also can capture the pressure distribution and wave 
pattern. 

1. Introduction 

Since ancient times, making and testing of prototype is a usual practice before going to 
the final production. Especially in aerospace industry, this is a crucial stage because one can get 
the aerodynamic characteristics of the proposed launch vehicle. The fabrication of these 
prototypes is experimented with many forms like material removal process, castings, injection 
molding etc. Before 1980, the techniques used making of prototypes were craft based and 
extremely labor intensive. In early 1980's the concept of prototyping had changed slightly called 
soft or virtual prototyping. The models can be made virtually and these can be stressed, tested, 
analyzed and modified as if they were physical prototypes. In addition, prototypes tend to 
become relatively more complex about twice the complexity as before 1980. Correspondingly, 
the time required to make physical models increased tremendously but the building of physical 
prototype still depended on craft based methods in spite of the introduction of better precision 
machines (like CNC machines). In mid 1980's the key prototyping technology called Rapid 
Prototyping (RP) evolved to speed up the prototype manufacturing process. RP is a term, which 
embraces a range of new technologies for producing accurate parts directly from CAD models 
with a little need of human intervention. RP of physical parts is also known as solid free form 
fabrication (SFF), desktop manufacturing or layer manufacturing technology. Till today, making 
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functional prototype from RP is one of the challenging tasks. In the present work, an attempt is 
made to make a functional prototype called wind tunnel models for aerospace applications. There 
are two important issues in RP to employ it for making wind tunnel models. They are structural 
integrity and surface roughness. To improve the structural strength of RP models one has to 
know the maximum loading distribution on the model. The present work demonstrates the 
measurement of the pressure distribution on the wind tunnel model so that one can understand 
the loading distribution on the model. 

2. Literature Review 

Preliminary aerodynamic assessment of future launch vehicle configurations through RP 
models was studied by NASA Marshall Space Flight center. It was shown to be feasible in 
limited direct application to wind-tunnel testing. There will be a tremendous advantage in cost 
savings model design time and fabrication time; about factor four compared to standard model 
design and fabrication process. It was concluded that FDM and SLA produced satisfactory 
results for low speed conditions and diverging at higher loading conditions because RP matenal 
properties allow bending of model components under high loading conditions [1]. To improve 
bending resistance one has to concentrate on the pressure distribution on the body. The NASA 
results are based on the strain gauge balance. This balance gives total lift, drag and load on the 
body There is no infomiation regarding pressure distribution on the body. In this direction, Siva 
et al. [2] made an attempt to find out the pressure distribution on RP circular cylinder at a 
supersonic speed. They studied pressure distribution both quantitatively and qualitatively. There 
was no permanent deformation in the shape and the experiments were found to be repeatable 
100%. In the similar direction an attempt has been made to find out the pressure distribution over 
a blunt nose cone body both quantitatively and qualitatively, in the present study. 

3. Model Construction 

Sref 

Lref 

Fig. 1 Geometry of the Blunt Nose Cone Body. 
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A blunt nose cone body has been chosen for the present study. The model (shown in Fig. 
1, Lref= 60 mm, Sref = 314 mm ) is made out of a solid based RP method FDM (Fused Deposition 
Modeling). The 3D model is converted into STL (Stereolithography) format in the CAD systems 
and sent to the FDM slicing software, called Quick Slice. There the STL file is sliced into thin- 
cross sections of desired thickness, creating a .SLC file (Slice format file). Supports are created 
for overhanging parts and sliced as well. The sliced model and support are converted into a .SML 
file (Stratasys Machine Language) that contains actual instructions for the FDM machine. A tool 
path is generated which is followed by the numerically controlled extruder head. As the head 
moves in X and Y- directions follovvdng the tool path, the thermoplastic material is extruded out 
of a nozzle and then deposited in ultra thin layers, one layer at a time. Since the envelope 
surrounding the head is maintained at a temperature below the melting point of material, the 
extruded material quickly solidifies [3, 4]. The extruder head has two nozzles, one for the part 
material and the other for the support material. The support can be easily removed by breaking 
away. The part is buih on a foam foundation attached on a Z-stage platen. The Z-stage platen 
moves dovmwards as the part is built progressively. 

4. Test Facility 

Fig. 2 Open Jet Facility at LI.T-Kanpur, India    Fig. 3. Model Mounted on Wind tunnel 

The experiments were conducted in the jet facility at High speed Aerodynamics 
Laboratory, Indian Institute of Technology Kanpur, India. The test facility consists of 
compressor, storage tanks and jet test facility as shown in Fig. 2. A two - stage reciprocating 
compressor capable of delivering 360 cfm of air at a pressure of 500 psi is used in this 
laboratory. The compressed air is then passed through a pre-filter consisting of porous stone 
candles to remove solid contaminates, like rust particles and oil droplets. An activated carbon 
filter is used for finer filtering. The compressed air is dried in a dual tower semi-automatic silica 
gel driver. While one tower is in use, a portion of the dried air is heated and used to reactivate the 
other. A diaphragm type back pressure valve operated by pressure relief pilot permits the dryer to 
operate at 500 psi, while the pressure in the storage tank builds up from atmospheric to storage 
pressure. The compressed air is stored in three tanks, having a total capacity of 300 ft at 300 psi. 
The pitot pressure sensed by the probe was measured using a PSI model 9010, 16-channel 
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pressure transducer (interfaced with a PCS86). The model 9010 transducer is capable of 
measuring pressure up to 300 psig, which is approximately 20 atm. The accuracy of the 
transducer (after rezero calibration) is specified to be ± 0.15% full scale. 

5.  Flow Structure 

The kinetic theory says that flow consists of a large number of fluid molecules in unit 
volume and the transport of mass, momentum and energy takes place through the motion of these 
molecules. Also, the molecules carry the signals about the presence of the disturbance around the 
flow field at a speed equal to speed of sound. When the incoming stream is subsonic i.e. the flow 
speed is less than the speed of sound and the molecules far upstream of the cylinder get the 
information about the presence of the body through the signals which travel with speed, aoo well 
in advance before reaching the cylinder. Therefore, the molecules orient themselves in order to 
flow around the cylinder. But when the incoming stream is supersonic, the molecules travel 
faster than the signals, and there is no possibility that they will be informed of the presence of the 
body, before they reach the cylinder. Also, the reflected signals from the face of the cylinder tend 
to coalesce a short distance ahead of the body. Their coalescence forms a thin compression front 
called shock wave (as shown in Fig. 4). 

Sonic Line 

(M>1) /^/        (M>1) 
Flow 

BODY 

M<1 \ (M>1) 

Shock 

Fig. 4 Physical Significance of the Flow 

In the flow process, across the front resuhs in an abrupt change in fluid properties. The 
thickness of the shock is comparable to the mean free path of the gas molecules in the flow field. 
The formation of shock takes place after the fluid molecules impinge on the face of the cylinder 
and rebound. The shock formed normal to the flow direction is called normal shock. The 
compression wave inclined to at an angle to the flow is called oblique shock. So, the normal 
shock is a special case of oblique shock. Upstream of the shock, the flow has no information 
about the presence of the body. However, the streamlines behind the normal shock quickly 
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conipensate for the obstruction, since the flow is subsonic after a normal shock [5]. Oblique 
shocks usually occur when a flow is turned into itself i.e. when a supersonic flow is turned away 
from itself, results in the formation of an expansion fan. 

The flow is deflected into itself by the oblique shock. All the streamliners are deflected to 
the same angle at the shock, resulting in an uniform parallel flow downstream of shock. The 
angle is referred to as flow deflection angle. Across the shock wave, the Mach number decreases 
and the pressure, density and temperature increase. The comer which turns the flow into itself is 
called compression or concave corner. In contrast, in an expansion or convex corner, the flow is 
turned away from itself an expansion fan. All the streamlines are deflected to the same angle 
after the expansion fan, resulting in uniform parallel flow downstream of the fan. Across the 
expansion wave, the Mach number increases and the pressure, density and temperature 
decreases. The flow turns suddenly across the shock and the turning is gradual across the 
expansion fan, and hence the flow properties through the expansion fan change smoothly, with 
the exception of the wall streamline where change is sudden. Thus, a model exposed to a 
supersonic flow experiences a combination of impact, gradual and sudden changes in the loading 
distribution. Hence, a RP model sustains a supersonic flow can be viewed as appropriate for 
aerospace application demanding structures with this kind of capability. 

6. Results and Discussion 

A blunt cone followed by a cylindrical body (stem) is one of the typical shapes of high- 
speed vehicles like missiles/launchers. Therefore, in the present study, one such typical shape is 
fabricated out of RP as shown in Fig. 3 and tested at Mach 2.0. This offers a natural advantage to 
the present investigation which aims at studying RP models behavior under varying aerodynamic 
loading conditions. The flow field over this body is a complex one, involving detached shock, 
expansion fan and compression waves. The interaction of these waves causes a considerable 
impact and shear load. To understand the loading on the blunt nose-cone cylinder combination 
was tested at Mach 2.0, the model was provided surface pressure taps at X/D = 0.1, 0,25, 0.5 and 
2.25 at NPRs 4 to 9, insteps of 1. These NPRs (Nozzle Pressure Ratio) were chosen in such a 
manner that the Mach 2.0 flow is coming with overexpanded state with adverse pressure gradient 
at NPR 4, 5, 6, nearly correctly expanded state at NPR7 and underexpanded state with favorable 
pressure gradient prevails at NPR 8, 9. The model will be experiencing all the three kinds of 
above expansion. Further, the nature of waves will be strongly influenced by the level of 
expansion. To investigate the behavior of RP model under the said complex situation was studied 
both qualitatively and quantitatively. The surface pressures were measured for quantitative 
analysis and flow field was visualized for qualitative analysis. 

The measured pressures have been made non-dimensional with reference to the flow field 
downstream of the detached shock standing a head of the blunt nose. It is essential to note that 
the flow field downstream of bow/detached shock is a complex one since the Mach number in 
the field varies from subsonic at the centerline to supersonic as we move along the shock 
direction. Therefore, identifying a free stream reference dynamic pressure for entire flow field is 
impossible. So, the dynamic pressure along the axial line just downstream of bow shock has been 
taken as representative dynamic pressure since the flow is subsonic at the zone and hence at the 
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nose at Cp should be +1. This can be vaHdation of the measured data and calculation procedure. 
It should be re iterated here that C? values at other location should be considered as qualitative 
but they can serve as reasonable estimate of load on model understanding the load acting on the 
model. 

In the present study, two planes chosen along the model from nose to the base. Along 
axisl (shown in Fig 5) is seen that Cp at nose is +1, this clearly indicates that the validity of the 
present measurement, since it agrees exactly with the theory. At an axial location X/D = 0.25, the 
Cp becomes much larger than unity, indicating that the flow is accelerating from X/D = 0 to 0.25. 
This is because the region between the detached shock and nose faces a normal shock at the nose 
point in line with the axis of the model and oblique shock for the location away from the shock. 
The oblique shock progressively becomes weaker with increase of transverse distance from the 
axis. This results in continuous increase of Mach number at downstream of shock in the 
transverse direction. Due to this the pressures measured at locations away from X/D = 0.0 up to 
X/D = 0.25 are experiencing Cp which are considerable higher than one (reference dynamic 
pressure just downstream location). The Cp goes to close to zero at X/D = 0.5 indicating that the 
flow continuously accelerates downstream of the nose. For X/D = 2.25 location which is on the 
horizontal stem the Cp becomes negative. The NPR dictates the level of expansion at the nozzle 
exit influences the flow around the model significantly. From X/D = 0 to 0.5, the C? increases at 
all locations compared to lower NPRs where as from X/D = 0.5 to 2.25, the Cp assumes 
considerable lower values compared to lower NPRs. This is because as the NPR increase, the 
shock at the nose moves closer to the body and also the curvature of the bow shock decreases. 
This makes the normal portion of the bow shock stronger and the oblique weaker as NPR 
increases. Due to this variation of the nature of the shock, the shock strength and the flow field at 
the downstream of the shock is strongly influenced by the NPR. For the present investigation, 
this can be regarded as welcome distribution since it is the primary objective here to study the 
RP model exposed to a supersonic stream which offers a varying pressure load on the model 
from nose to tail. The result on another axis is shown in Fig. 6. Here again the behavior is similar 
to axisl and reveals that X/D is stronger in between 0.25 to 0.5 and is closer to zero and stays up 
to 0.5. But the pressure load from 0.5 to the end is not influenced by the axial location. 

To have an understanding of the waves present around the RP model, the flow field was 
visualized in fig 7 to 13, for different NPRs. It is interesting to note that the NPR has strong 
influence on the wave pattern around the model. With increase of NPR, the wave moves closer to 
the model and also the interaction of the waves around the model is severe. The combined effect 
of the interaction causes varying pressure load on the model as seen fi-om Cp plots. 

7. Conclusions 

A blunt nose cone body was tested at Mach 2.0 speed at different NPRs to demonstrate 
the feasibility of functional testing of RP models for high speed applications. The surface 
pressures were measured on the body both quantitatively and qualitatively. RP model is 
experiencing the severe drag due to differential loading on the model. The load patterns indicate 
that the skin friction action on the surface is considerable. The model has been exposed to the 
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complex field continuously during the order of tens of minutes for every NPR to ensure that the 
model does not suffer ay surface damage effect due to the aerodynamic load acting at Mach 2.0. 
A through inspection revealed that the model surface was intact free fi-om any surface defect. 
Therefore, it can be stated that the RP is suitable for model to fly at supersonic speeds. 
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Fig. 5: Pressure Coefficient distribution along the axis 1 
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Fig. 6: Pressure Coefficient distribution along the axis 2 

382 



Fig. 7 Wave Pattern at NPR 4 Fig. 8 Wave Pattern at NPR 5 

Fig. 9 Wave Pattern at NPR6 Fig. 10 Wave Pattern at NPR7 
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Fig. 11 Wave Pattern at NPR8 Fig. 12 Wave Pattern at NPR9 

Fig. 13 Wave Pattern atNPR 10 
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ABSTRACT 
A research program has been initiated to develop a Solid Freeform Fabrication (SFF) 

technology for combining nanosized particulate or fiber reinforcements with a photocurable 
thermoset matrix resin in order to produce functional graded composites. The composites that are 
being studied initially are optical components filled with nano-phase ceramic particles that form 
gradient refractive index lenses (GRIN). The Solid Freeform Fabrication (SFF) method employs 
an ink-jet deposition (IJD) process to form the composites. The IJD process has the advantage of 
incorporating nano-reinforcements into a low viscosity matrix resin that is relatively easy to 
process and rapidly photocures to produce functional polymeric parts. It also has the advantage 
that major modifications to the basic SFF processing methodology are not necessary. 

The emphasis in the program is on demonstrating the feasibility of this approach for 
fabrication of gradient refractive index lenses (GRIN), which are flat instead of the traditional 
spherical lens geometry. As a result these lenses will be less costly to produce than conventional 
curved lenses. SFF is an ideal technique for meeting the needs of GRJN lens fabrication because 
changes in composition can be made from layer to layer and even within each layer, allowing for 
the introduction of compositional and structural gradients. Thus it has the potential for creating 
the spatial material distributions required for designing computer optimized, custom made GRIN 
lenses. Integral to the SFF process are computer design procedures that specify the exact 
material deposition patterns that need to be employed in order to optimize the performance of the 
GRIN lens. 

The optical nano-composites will serve as a model system that we will use to work out 
the many challenges for implementing a viable SFF polymer composites technology. We then 
will make use of the information obtained and lessons learned from the work on optical 
composites and extend the development to structural composites that incorporate nano-particulate 
clays and carbon nanofibers. 

POLYMER NANO-COMPOSITES FOR GRIN OPTICAL APPLICATIONS 

Background 
Optical lenses are traditionally created from blocks of uniform 

material by grinding curved (usually spherical) surfaces. The spatial 
contour of the index of refraction change provides optical power when 
the shape and orientation are appropriately chosen. The non-planar 
surfaces (Figure 1) of this type of lens are detrimental to many 
commercial and military applications. The curvature is the source of 
the glint signaUare used for detecting covert observation. The curvature 
also will generate turbulence if the lens forms the window of a detector 
viewing out from a moving body, such as an aircraft.   This situation 
often necessitates the use of an additional window fitted to the surface Figure 1 Traditional lens 
curvature, which may adversely affect optical clarity or light shape and refi-active index 
transmission. profile. 
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Gradient index of refraction lenses (GRIN) present an alternative geometrical format. 
They provide the multi-dimensional spatial variation of refractive index required for optical 
power by implementing a non-uniform material distribution. (Figure 2) the use of GRIN 
techniques decouples the optical power generation from the curvature of the element. GRIN 
lenses can be fabricated with planar surfaces on either side or both sides. This should greatly 
simplify and reduce the cost of the fabrication of lenses by eliminating 
the need for grinding and polishing operations. 

The common methods usually used for generating a radial 
variation in the material properties are chemical diffusion or ion- 
bombardment, which implant foreign materials into a uniform cylinder 
or plate of a host material. The implantation density can be varied as a 
function of radial position. However, with these methods there are 
technical difficulties in achieving the required axial concentrations of 
material species. Both of these methods also result in penetration- 
depth variations of the species introduced. This results in the optical 
properties changing as a function of distance along the optic axis. 
Thus independent control of the spatial variation of the material 
composition is not possible. As a result, the density profiles needed for 
optimal performance are difficult to achieve. So an SFF, layered 
manufacturing technique is an innovative, additive approach to the 
fabrication of GRIN lenses. 

Figure 2   Radial gradient 
GRIN lens shape and 
refractive index profile. 

Approach to Solving the Problem 
In our research program we are exploring the feasibility of an SFF ink-jet deposition 

process that creates GRIN lenses from polymer/ceramic composites that have composition 
tunable optical properties. These composites are based on optically clear, photocurable 
thermoset resins containing various amounts of nanosized ceramic particles, to provide 
positionally controlled, tailored refractive indices. The utility of such composites in producing a 
wide refractive index tunability with little scattering has been demonstrated by Ho, et.al. [1]. The 
amount of light scattering in the composites is small, since the particles are much smaller than the 
wavelength of light. 

There are four major elements of our GRIN research. These can be delineated as: 

1. Polymer and composite development; this includes formulation or synthesis, 
ceramic particle dispersion, and polymer and composite processing 

2. Ink-jet printing and processing of layers; 
3. CAD GRIN design implementation; 
4. Process feasibility demonstration; characterization of optical properties 

Currently we are concentrating on elements 1 and 2 (encompassing the more basic 
materials processing related issues) in order to validate the viability of the concepts proposed. 
We are using a standard piezo ink-jet printer head for the initial exploratory work to demonstrate 
the basic concepts outlined here. The reservoirs in the ink-jet printer head contain a range of 
polymer/ceramic concentrations, so that the concentration of particles (and the index of 
refraction) at any location can be controlled by depositing appropriate amounts of material from 
the different writing heads. Following deposition, the layers are photocured by UV light. The 
UV light application mode is controlled so as to provide suitable optical and mechanical 
properties in the final product. Aspects of polymer cure control will includak^optimizing the cure 
advancement of each layer precisely so as to achieve a seamless interface and the application of 
radiation in specific patterns that will minimize the effects of cure shrinkage and residual stress 
buildup in the cured material. 
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Ink-jet Printheads 
In order to achieve a sufficient refractive index gradient in a lens as large as several 

inches across, it will be necessary to both increase the material refractive index difference, An ( as 
discussed below) by using a higher index ceramic filler and to implement a more sophisticated 
print system. Present day advanced commercial ink-jet capabilities include high-performance, 
multichannel printheads. For example, there are multi-nozzle piezo-driven printheads designed 
specifically for printing UV inks onto polymeric substrates at high deposifion rates [ 2]. Nozzle 
diameters in these systems are of the order of 20|xm or less. The printers also have gray-scale 
resolution capabilities with greater than 900dpi resolufion. In order to work with higher viscosity 
formulations, the temperature can be controlled by a heating element integrated into the printhead 
mount that heats both the printhead and the ink supply. An example of the utility of .printheads of 
this type in a related SFF application is micro devices made from a UV curable (cationic) epoxy 
resin [3]. 

Printability of Nanoparticle Loaded Polymers; Nozzle Clogging 
The photocurable monomer that we have chosen to work with initially is hexanediol- 

diacrylate (HDODA). HDODA is a low viscosity liquid with viscosity of several cP. At the low 
solids contents that will be used for this application ( « 20% by volume), the relative viscosity 
of the loaded polymer systems will remain low [4, 5]. This will insure ease of printability at low 
temperatures and help to mitigate the potential ink-jet printer nozzle clogging issue. That nozzle 
clogging should not be an issue is further suggested by the work of Sharp and Adrian [ 6], who 
considered particle bridging in particle loaded fluids flowing through microchannels. Their 
experiments idenfified 'shear-induced arching' as a mechanism that causes microtube blockage. 
They found that this mechanism is most likely to occur only when 0.33D < dp< 0.46D, where dp 
is the particle diameter and D is the microtube diameter. This was observed for flows of particle- 
laden fluids with concentrations as low as 0.5%. Since in our case the ink jet nozzle is of the 
order of   20^m in diameter,   dp is around 10'^ 

Table 1: Average Refractive Index of Some 
^       .  X-...    c f   .• Common Ceramic Systems [ 7] Ceramic Filler Selection 
It has been demonstrated that 

appropriately large optical gradients can be 
achieved through the use of ceramic particles 
dispersed in a polymeric matrix [1]. Typical UV 
cured polymers have refractive indices in the 1.4 
to 1.7 range. There are several ceramics that 
have a considerably higher refractive index than 
these organic polymer systems, as indicated in 
Table 1 [7]. 

The use of a high refractive index 
ceramic (>2.0) in an organic matrix provides 
for a wide range of refractive index in the GRIN 
optics. The refractive index in the graded optics 
can be controlled by varying the concentration 
of the dispersed ceramic. (To avoid optical 
scattering from the dispersed particles, the 
ceramic powders used in the GRIN system 
should be nano-particulate (5nm - 40nm) and should be very well dispersed.) A greater 
difference in the refractive index between the ceramic particle and the organic matrix will allow a 
wide gradient to be achieved with a minimum amount of ceramic particles. In calculafing the 

Material Average 
Refractive 

Index 
Alumina (corundum) 1.75 
Quartz (Si02) 1.55 
Zircon (ZrSi04) 1.95 
Spinel (MgA1204) 1.72 
Rutile (Ti02) 2.71 
Silicon Carbide (SiC) 2.68 
Galena (PbS) 3.9 
Barium Titanate (BaTi03) 2.4 
Zirconia (Zr02) 2.3 
Iron Oxide (Fe203) 3.0 
Zinc Oxide 2.0 
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necessary GRIN optical parameters it is found that the larger is An, the easier it becomes to 
fabricate GRIN lenses with shorter focal lengths as well as thinner cross-sections. 

In summary, the polymer matrix will be of lower refractive index and the nano paniculate 
ceramic will be of higher refractive index. The graded refractive index can be achieved by 
varying the ceramic loading in the matrix monomer as well as the deposition pattern and drop 
size for deposition. The initial matrix material chosen is HDODA, which, when polymerized, 
has a refractive index of-1.6. Initial experiments will be performed using a ceramic such as 
zirconia due to its commercial availability and relatively high refractive index. After the 
feasibility of using nano-particulate zirconia has been demonstrated using the ink-jet printing 
method, the use of higher refractive index ceramics, for example, rutile, barium titanate, and iron 
oxide will be explored in order to increase the An window. 

We noted above that ceramic loadings of 20% by volume will be a maximum limit. 
Assuming a linear rule of mixing to estimate refractive index of ceramic dispersed systems (worst 
case), the effective refractive index of a 20% zirconia loaded HDODA system will be 
approximately 1.74. Using appropriate optics design methods, the resultant An of 0.14 is found to 
be adequate for fabricating GRIN test optics of dimensions up to a few inches in size. 
For Fe203 the An is 0.28, which provides much greater latitude in GRIN fabrication. The initial 
goal for proof of concept is to fabricate an optical wedge with a linear radial refractive index 
gradient. 

Particle Stabilization and Dispersion 
A key factor in the printed optics fabrication of GRIN elements with ceramic particle 

index modifiers is complete deagglomeration and dispersion of the nano-ceramic particles. 
Agglomeration and poor dispersion of ceramic particles in the organic matrix will result in 
scattering, degrading the GRIN optic's performance. Traditional deagglomeration and dispersion 
techniques are ultrasonication and surface treatment of the powder during synthesis [ 8]. 
Significant progress has been made in the synthesis of nano-particulate ceramic powders in recent 
years. Spherical nano-particulate ceramic powders with narrow particle size distributions are 
commercially available. Significantly, the same sources that synthesize the nano-particle 
ceramic powders have been able to develop surface treatments to keep the powders 
deagglomerated and with a high degree of dispersability. Such surface treatments are applied to 
the powder particles during the synthesis process. The treatments are of various types, which 
effectively functionalize the surface with an adsorbed monolayer, resulting in steric-stabilization 
that prevents agglomeration of the powder. These coatings are tailored so that appropriate wetting 
of the particles by an organic monomer is achieved. The surface functionalized ceramic particles 
are dispersed in the monomer by mixing using an ultrasonic vibration technique. Because of the 
small size of the particles and relatively large surface tension forces, settling of the particles is not 
expected. 

Numerous references to steric stabilization of nanoparticles by surface functionalization 
by different approaches are available in the literature.  Specific examples of this are contained in 
references [ 9-15].   These include grafting polymers such as silanes onto the particle surfaces 
[9-11, 15] or using adsorbed monolayers of a polymer or surfactant [13-15]. 

Polymer Matrix: Photocuring and Residual Stresses; Chemical Stability; Air Bubbles 
A key issue in photocuring is that the effects of residual stresses must be minimal so as to 

effectively eliminate dimensional distortion and spurious stress-induced refractive index 
gradients. This can be addressed in two ways: I) by implementing random segmented cure 
patterns [16], where UV radiation is applied to small areas separated from each other, in a 
sequential pattern until the entire layer is cured, and 2) applying radiation in incremental doses 
small enough such that cure is carried out slowly.   By combining these two principles the 
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polymer will retain rubbery characteristics long enough so that much of the cure-induced residual 
stress can relax before full vitrification of the resin occurs [ 17 ]. The use of incremental curing 
methods has been shown to be quite effective in minimizing residual stresses by allowing each 
small area to undergo a high degree of stress relaxation before being joined to other cured areas. 

The chemical stability of the proposed system is important because we wish to develop 
optical properties that are stable over long time periods. HDODA cures to produce transparent, 
water-white optical qualities. The presence of residual photoinitiator quantities could cause 
yellowing to develop during aging that occurs over a period of time after the GRIN lens is 
produced. In collaboration with a supplier of photoinitiators we have identified an effective 
non-yellowing photoinitiator that is stable in the cured resin. 

In order to minimize dust contamination and reaction inhibition (due to presence of 
oxygen) of the samples, we are forming GRIN samples under a nitrogen blanket in a 'clean' 
environment. We do not anticipate problems with imperfections introduced through bubble 
formation. There are several reasons for this. First of all, previous SFF ink-jet deposition work 
[3] has shown that void free spherical micro -lenses can be formed with such printheads using a 
photocured cationic epoxy resin. Epoxy resins have higher viscosities than the HDODA 
formulations of interest here. If an epoxy can be processed without bubble formation, it is most 
likely this will not be a problem with HDODA. Further we will be working with very thin layers 
(<25|im in thickness) and very small droplets. Also, there will be substantial overlap of droplets 
as the material is being deposited. All of these are factors that will promote dissipation of air 
bubbles. However, if we do find that micro-bubbles are a problem, we will add small amounts of 
an organic soluble surfactant to the resin formulations. This method of bubble suppression is 
very effective and is used frequently in chemical systems to prohibit bubble formation. 

Substrates 
The type of substrate to be employed for the proposed application will affect the face of 

the lens and might compromise the quality of light transmission. Three types of substrates will 
be considered as working surfaces. In preliminary trial studies of the concepts proposed here, we 
formed thin films around .002" thick, using a conventional ink-jet printer with a mylar film as a 
substrate, (film similar to those used for overhead transparencies). The results indicated that both 
material deposition and the surface of the films produced were of good quality (by simple visual 
inspection). We have not yet looked at any quantitative measure of surface clarity, and 
roughness. Also, if mylar should not prove totally effective, we will work with silicon and 
sodium chloride single crystal substrates. Silicon has been used previously in RP fabrication of 
micro-ceramic components by other workers [18] and is commonly used for preparing AFM 
(Atomic Force Microscopy) specimens. We have used NaCl single crystals [19] as substrates for 
producing extremely smooth thermoset epoxy resin samples for AFM characterization. An 
advantage in using NaCl is that the substrate can be simply dissolved away from the deposited 
polymer after the polymer has been cured, leaving an ultra smooth surface behind. 

Previous Research on Inkjet Printing of Ceramic Filled Polymers 
Ink-jet deposition methods have been used previously for SFF of ceramic particle-filled 

resins and have proved useful because of their improved resolution relative to other SFF methods. 
Relevant prior work of other research groups on SFF of ceramics using drop-on-demand ink-jet 
deposition is reviewed here to provide additional background information for those who would 
care to explore the topic in more detail. All of the previous studies concern SFF and deposition of 
monomers (and resins) containing high loadings of ceramic particles of appreciably larger 
dimensions than the nanoparticles of interest here. The object in these former studies has been 
using the ceramic slurries to construct green-forms for making ceramic components. The resins in 
these compositions then serve as a binder for the ceramic powder, which is subsequently burned 
out prior to densification of the ceramic. Various references that concern ink-jet deposition of 
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monomers containing high- loadings of ceramic particles (greater than 40% by volume) are noted 
in the list of references [ 20-29]. These are representative of the work being done by three 
different research groups, those at the University of Michigan [20-22], University of Manchester 
(England) [ 21-23, 28,29], and UCLA [ 24-27]. 

Additional research of note that relates specifically to GRIN lenses is that being done by 
the Cima-Sachs 3-D Printing group at MIT. A recent publication of theirs [30] discusses the use 
of the slurry based 3-D Printing process for fabricating complex structured materials by printing 
organic binders in selected positions on each printing layer. This process was modified in an 
effort to fabricate GRIN lenses by depositing polymers containing different concentrations of an 
alumina dopant at various positions in a silica powder bed. Two different dopant concentration 
profiles, which had maximum alumina concentrations of 1.63 mol% and 2.50 mol%, were printed 
into the silica powder beds. The doped ceramic powders then were sintered at 1650°C into 
optical transparency, and the magnifying effects of GRIN lenses with gradient profiles of alumina 
were observed. This work is only in an exploratory state and the method requires extensive post- 
processing. It will be interesting to learn whether sufficient resolution and control of 
concentration gradients for producing effective GRIN lenses can be achieved in this method, even 
though there are problems with spreading of the droplets due to the porous nature of the substrate 
[31]. 
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Abstract 

This study investigates the dependence of the cross section geometry of extruded dental 
porcelain slurries on the rheological property of the slurry and the extrusion conditions. It is 
found that a pseudoplastic slurry is a basic requirement for obtaining extruded lines with 
rectangular cross sections. The cross section geometry of the extrudate is also strongly affected 
by extrusion parameters including the extrusion nozzle height, nozzle moving speed, and 
extrusion rate. Proper combinations of these extrusion parameters are necessary in order to 
obtain extrudates with near rectangular cross sections. The results obtained have been explained 
in terms of the interactions among the rheological properties of the slurry, the shear rate imposed 
on the slurry during extrusion, the wettability of the slurry on the substrate, and the forced flow 
of the slurry during extrusion. 

Keywords: Slurry extrusion, dental porcelain, rheology of slurry, solid freeform fabrication 

I. Introduction 

3D objects fabricated through line-by-line and layer-by-layer approaches require that 
each line deposited has a rectangular cross section in ideal cases. Lines with such cross section 
geometry can prevent or minimize the formation of voids between lines and layers. This study 
investigates the dependence of the cross section geometry of extruded dental porcelain slurries 
on the rheological property of the slurry and the extrusion conditions for dental restorations via 
the multi-material laser densification (MMLD) process [1-3]. 

Currently, there are two general routes for preparing pastes and slurries for SFF. One 
requires the use of polymers or resins as the binder in order to maintain the shape of the 
extrudate [4,5]. These polymers and resins are burned out in the subsequent heat treatment while 
contamination may remain in the extrudate. The second route is to prepare aqueous pastes or 
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slurties without addition of binders and to control the cross section geometry of the extrudate by 
adjusting the pH value, salt concentration, and volume fraction of solid in the paste [6-11]. Using 
fine AI2O3 powder, Cesarano, et al [7] have shown that when a slurry is pseudoplastic and drying 
rates are appropriate, the lines extruded yield nearly rectangular cross sections with relatively 
straight walls and flattened tops. The paste formulation and particle size have also been shown 
by Du, et al [11] to have strong effects on the extrudability of thin wall thickness tubes and their 
thickness and uniformity. 

Although the effects of rheological behavior of pastes and slurries on the cross section 
geometry of the extrudate have been studied by several researchers [6-11], the dependency of the 
cross section geometry on extrusion parameters has never been systematically investigated. To 
address this issue, the effects of extrusion parameters on the cross section geometry of the 
extrudate in conjunction with the effects of rheological behavior of dental porcelain slurries have 
been investigated in this study. The extrusion parameters investigated include the nozzle height 
of the extruder, nozzle moving speed, and extrusion rate, all of which are experimental variables 
and thus can be adjusted to achieve the desired cross section geometry. The results indicate that 
the effects of these extrusion parameters on the cross section geometry of the extrudate can be 
explained in terms of the interactions among the rheological properties of the slurry, the shear 
rate imposed on the slurry during extrusion, the wettability of the slurry on the substrate, and the 
forced flow of the slurry during extrusion. 

IL Experimental 

The dental porcelain powder was provided by Degussa-Ney Dental Inc., Bloomfield, CT. 
The chemical composition of the porcelain is confidential; however, it is within 5% of the 
nominal composition of the Weinstein patent [12], which has the following composition (wt%): 
63.40% Si02, 16.70% AI2O3, 1.50% CaO, 0.80% MgO, 3.41% Na20, and 14.19% K2O. The as- 
received powder has angular shapes and their equivalent particle sizes range from 1 to 50 
micrometers. To reduce the particle size of the porcelain powder to sub-micrometers, ball- 
milling process was conducted using a single axis mixer machine loaded with AI2O3 balls. After 
milling, the powder was dispersed in de-ionized water and the submicron-sized particles were 
separated from coarse particles (> 1 ^im) through sedimentation. Only the submicron-sized 
particles were used to prepare the slurries. 

The porcelain slurries were prepared using de-ionized water as the solvent with a solid 
loading of 40 - 50 vol %>. Uniform and stable slurries were obtained by gently mixing the slurry 
for 24 hours using the mixer machine loaded with AI2O3 balls. The porcelain slurry was extruded 
using a MMLD machine designed and constructed at the University of Cormecticut. The machine 
consists of four major components: (i) the process chamber that can have a vacuum down to lO"'^ 
torr, (ii) micro-extruders for powder slurry delivery of up to 3 different materials, (iii) a laser 
heating system for powder densification with temperature sensing and control system, and (iv) a 
X-Y-Z positioning system. The pressure exerted on the porcelain slurry within the micro- 
extruder was applied via an electric cylinder (model: Ny-BN23-105B). The slurries were 
extruded onto SiC plates with a 700nm nozzle. The motion and position control was provided by 
a computer through a Galil DMC-1800 multi-axis motion control card. The extrusion variables 
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that could be controlled independently and investigated in this study were the nozzle height of 
the micro-extruder (i.e., the distance between the nozzle tip and the substrate), the nozzle moving 
speed (with respect to the substrate, mm/s), and the extrusion rate (i.e., the volume of the slurry 
extruded per unit time, ml/s). 

The rheology of the porcelain slurries was measured using a Brookfield DV II digital 
viscometer. The zeta potential of the slurries was measured at the National Science Foundation 
Engineering Research Center for Particle Science and Technology in the University of Florida 
using a Zeta-Reader instrument. The pH value of the slurry was measured using a Denver basic 
pH meter. The cross section geometry was defined by the line width and height of the extrudate 
and its contact angle with the substrate. To measure these geometrical parameters, the porcelain 
lines extruded were encapsulated using epoxy before cutting and polishing after which these 
parameters were observed and measured using an optical microscope. 

III. Results and Discussion 

3.1 Rheological Behavior of Dental Porcelain Slurries 
Figure 1 shows the zeta potential of the dental porcelain powder as a function of the pH 

value. It indicates that the iso-electric point (i.e.p.) of the dental porcelain powder is at about 5.0, 
which is between the i.e.p. of AI2O3 (8.7) and SiOa (2.0). Since AI2O3 and SiOa are the main 
components of the dental porcelain [12], the zeta-potential of the porcelain powder appears to be 
controlled by a combined interactive effect of these two compounds. It can be inferred from 
Figure 1 that slurries with pH < 3.0 or pH > 8.0 should be relatively stable. This is the case 
because the surfaces of powder particles with these pH values are mainly positively charged (for 
pH < 3.0) or negatively charged (for pH > 8.0) [13,14]; the same charges on their surfaces 
provide large repulsive forces between particles, thereby preventing coagulation and thus leading 
to stable slurries. In contrast, slurries with pH values between 3.0 and 6.5 would be unstable 
because coagulation of particles will happen quickly owing to the zero or near-zero net charge on 
the surfaces of these particles. 

Figure 1. Zeta potential of the 
dental porcelain powder as a 
function of the pH value. 

pH value 
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Based on Figure 1, clearly, a pseudoplastic slurry with moderate viscosity can be 
prepared with a pH value near 7.0 - 7.5 because at pH = 5.0 the slurry becomes unstable with 
high viscosity and at pH > 8.0 or < 3.0 the slurry is very stable. Slurries with pseudoplastic 
(shear thinning) behavior are highly desirable for controlling the cross section geometry of the 
extruded line because slurries with shear thinning properties can be extruded with a relatively 
low extrusion force and solidify in place once the slurry leaves the nozzle due to the removal of 
shear stresses. Thus, most of the extrusion studies presented below are carried out using dental 
porcelain slurries with pH = 7.0 - 7.5 unless otherwise mentioned. 

Figure 2 compares the cross section geometry of the extrudates with pH values equal to 
9.3, 8.0 and 7.0. At pH = 9.3, the slurry is very stable with a relative low viscosity. As a result, 
the slurry flows continuously after it leaves the nozzle and thus takes on an arch shape with a low 
contact angle of 40 degrees. At pH = 8.0, the viscosity of the slurry increases slightly and thus 
the slurry spreads out less on the surface of the substrate, resulting in an increased contact angle 
of 60 degrees. At pH = 7.0 (approaching the i.e.p.), the slurry becomes pseudoplastic because the 
low electrical charges of the same sign of the particles allows them to approach to each other, but 
at the same time prevents them to coagulate. As a result of its shear thinning behavior, the 
contact angle of the extrudate with the substrate increases to 95 degrees, clearly indicating nearly 
no spreading after the slurry leaves the nozzle of the extruder. With a contact angle near 90 
degrees, the cross section of the extrudate is approaching a rectangular shape which is highly 
desirable as a "building block" for fabrication of 3-dimensional objects through layer-by-layer 
approaches. 

pH = 9.3 pH = 8.0 pH = 7.0 
Contact angle 
(degree) 40 60 95 

Figure 2. Cross section photos of extrudates with different pH values. 

3.2 Effects of Nozzle Height on the Cross Section Geometry of Extrudates 
The distance between the nozzle tip of the extruder and the substrate, termed as the 

nozzle height hereafter, greatly influences the cross section geometry of the extrudate. The 
distance between the nozzle and the substrate will limit the space within which the slurry can 
flow. For a certain slurry extrusion rate and nozzle moving speed, there is a critical nozzle height 
(he) above which the cross section geometry of an extruded single line is mainly controlled by 
the rheological behavior of the slurry and the wettability of the slurry on the substrate. When the 
nozzle height is lower than he, the volume of the slurry extruded will be too large for the space 
between the nozzle and the substrate. As a result, the slurry is forced to spread in the directions 
perpendicular to the deposited line along the surface of the substrate, and the resultant shape of 
the extrudate is not only determined by the rheological properties and wettability of the slurry. 
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but also by the space between the nozzle and the substrate. In contrast, when the nozzle height is 
larger than he, there is enough space for the deposited slurry so that the rheological properties 
and wettability of the slurry will determine the cross section geometry of the extrudate. 

Our experiments indicate that the critical nozzle height can be estimated using the 
following equation: 

//  =■ 

F. 

v„i)„ 
(1) 

where Vd is the volume of the slurry extruded per unit time (called the extrusion rate hereafter), 
Vn the nozzle moving speed, and Dn the nozzle diameter. The physical meaning of eq. (1) is that 
the volume of the slurry extruded per unit time is equal to the volume available per unit time 
between the nozzle and the substrate. When the nozzle height is lower than he, the slurry is 
forced to take up the space beyond the volume defined by the product of the nozzle height, the 
nozzle diameter, and the distance traveled by the nozzle per unit time. 

Wax 

Extrudate 

Substrate 

Nozzle height (\im):       200 

Contact angle (degree):   40 

Figure 3. Cross section of the single lines extruded using a dental porcelain slurry of pH - 7.5 with Vd - 
2.5 X 10"^ ml/s, D„ = 0.7 mm, v,, = 4.25 mm/s, and different nozzle heights as indicated. 

Figure 3 shows the cross section of the extrudates deposited with different nozzle heights. 
The contact angles of these extrudates with the SiC substrate are measured and presented in 
Figure 4. When the nozzle height equals to 200 and 330 ^m, the slurries spread widely along the 
substrate with low contact angles, which indicates that the nozzle height is lower than he because 
the slurry has been forced to flow beyond the space defined by the nozzle height, the nozzle 
diameter, and the distance traveled by the nozzle per unit time. When the nozzle height equals to 
670 jxm, the contact angle closes to 90 degrees and no spreading is observed. A further increase 
in the nozzle height (1000 ^m) does not alter the shape of the extrudate much with only a small 
increase in the contact angle. The critical nozzle height calculated using eq. (1) for the extrusion 
condition shown in Figure 3 is 840 jxm which is between 670 [Am and 1000 ^m tested in the 
experiment. These results indicate that when the nozzle height is near the critical nozzle height, 
the contact angle of the slurry on the SiC substrate used in this study is about 90 degrees. 
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However, when the nozzle height is substantially smaller than he (e.g., the cases of 200 and 330 
[xm in Figure 3), the forced flow is present and the contact angles will be smaller than 90 
degrees. 
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Figure 4. The contact angle as a function of the nozzle height for slurries with pH = 7.5. 

3.3 Influence of the Shear Rate on the Cross Section Geometry of Extrudates 
Because of the pseudoplastic behavior of the slurry, extrusion conducted with high shear 

rates will have relative low viscosity, whereas extrusion with low shear rates will have high 
viscosity. In order to investigate the true effects of the shear rate on the cross section geometry of 
the extrudate, a set of the experiments have been designed in which both the extrusion rate and 
the nozzle moving speed have been increased proportionally in order to keep the critical nozzle 
height [see eq. (1)] and the deposition density constant. The deposition density, Dd, is defined as 
the volume of the slurry extruded per unit time divided by the product of the nozzle diameter and 
the moving speed of the nozzle. When both the critical height and the deposition density are kept 
constant, the change in the extrusion rate provides a genuine evaluation of the effect of the shear 
rate. 

The results from this special set of the experiments are shown in Figure 5. At high 
extrusion rates (0.01 ml/s and 0.005 ml/s), the contact angles are smaller than 90 degrees. In 
contrast, at low extrusion rates (0.0025 ml/s and 0.00125 ml/s), contact angles are greater than 90 
degrees. This is so because high extrusion rates result in high shear rates which in turn leads to 
low viscosities. Thus, when high extrusion rates are used, the slurry flows fast after it leaves the 
nozzle tip. As a result of the fast flow, the slurry spreads out along the surface of the substrate 
before it freezes and a low contact angle resuhs. In contrast, when low extrusion rates are used, 
the flow of the slurry after it leaves the nozzle tip is limited because of its high viscosity. As a 
consequence of this limited flow, a high contact angle results. 

It is noted, however, that in spite of the dependency of the cross section geometry on the 
shear rate, the effect of the shear rate on the contact angle is relatively small in comparison with 
that of the pH value and the nozzle height. As seen from Figure 5, the variation of the contact 
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angle due to the different shear rates investigated is within 20%, which is much smaller than 
100% changes achieved by altering the nozzle height (Figures 4 and 5). 

Extrusion rate (ml/s): 0.01 
Nozzle moving 
speed (mm/s): 17.5 
he (mm): 0.84 
Deposition density 
(mmVmm^): 0.84 

0.005 0.0025 0.00125 

8.5 4.25 2.125 
0.84 0.84 0.84 

0.84 0.84 0.84 
Contact angle (degree): 85 90 95 105 

Figure 5: Cross section of the single lines extruded with different extrusion rates and nozzle moving 
speeds as indicated, while keeping all other processing parameters constant. 

IV. Concluding Remarks 

The present extrusion study clearly shows that in order to get favorable cross section 
geometry of the porcelain powder line in SFF processes, extrusion parameters including the 
nozzle height, nozzle moving speed and the extrusion rate should be optimized. However, 
optimization can be achieved only when the slurry is pseudoplastic. The latter can be 
accomplished by adjusting the pH value of the slurry for the dental porcelain powder to between 
7.0 and 7.5. Once the proper slurry is prepared, extrusion conditions can have strong impact on 
the cross section geometry of the extrudate. There is a critical nozzle height (he) for a given set of 
the extrusion rate, nozzle moving speed, and the nozzle diameter. When extrusion is carried out 
with the nozzle height above the critical nozzle height, the cross section geometry of the 
extrudate is mainly determined by the rheological behavior of the slurry and the wettability of 
the slurry on the substrate. When the nozzle height is lower than the critical nozzle height, the 
resultant shape of the extrudate is not only controlled by the rheological properties and the 
wettability of the slurry, but also by the forced flow of the slurry along the surface of the 
substrate. A rectangular cross section results when low extrusion rates are used. In contrast, an 
arch-shaped cross section with low contact angles is obtained if high extrusion rates are used. 
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Abstract 

In many applications of parts manufactured by Solid Freeform Fabrication (SFF), compliance is 
an important factor. In order to achieve given deformation goals with optimal shape, the design 
of compliant mechanisms and elements fabricated with SFF techniques must take into account 
the particular constraints and boundary conditions of the target application as well as the specific 
material properties of the part. The present work focuses on the design and evaluation of 
compliant features for a geometrically constrained thin-wall part subject to loads normal to its 
tangent plane. Such features would need to be embedded in the object. The manufacture of 
prosthetic sockets for lower-limb amputees is the specific application presented, where greater 
compliance is needed at sites in contact with pressure sensitive tissues. Sample parts were 
fabricated by selective laser sintering, and the material used was Duraform. 

1 Introduction 

Compliance is in many cases a fundamental and desired property of a mechanical structure. In 
many applications, compliance is very important for proper function of a part. In others it is a 
much more elegant and functional design solution that substitutes joints and links of mechanisms 
by incorporating controlled flexibility within the structure itself In order to proceed with the 
design of compliant features, very strict constraints must be considered and evaluated [Howell, 
2001]. The part material and its mechanical properties must be studied, boundary conditions for 
the structure must be well defined, the target deformation under specific loads must be set, and a 
thorough failure prevention study, using both static and fatigue theory, should be performed. 

This article focuses on the primary design stages of orthogonally compliant features of plates and 
thin walls (where the load/displacement direction of the feature is normal to the plate or wall), 
and evaluating the design options that are more promising for a given set of design goals for an 
specific application. The design example to be considered is the incorporation of compliance 
features in sockets for below-the-knee prostheses, produced with selective laser sintering (SLS) 
using Duraform. 

2 Fabrication of Sockets for Below-the-Knee Prostheses using SLS 

The production of sockets for prostheses using SFF (Figure 1) has several potential advantages 
compared to common, more labor intensive and time-consuming fabrication methods [Walsh et 
al, 1989; Freeman et al., 1998]. One of the main advantages is that SFF directly creates sockets 
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from digital shape information, eliminating the need for molds, hand lamination and finishing 
procedures. Another advantage of SLS is the ability to create complex geometries with minimal 
cost penalty in manufacturing, which significantly expands the options for developing and 
exploring alternate socket designs. 

socket 

attachment 
fitting 

prosthetic 
fiiot 

pi/lon 

Figure 1: On the left and center, a patient testing an SLS fabricated socket; on the right, the 
description of the parts of a prosthesis for below-the-knee amputees. 

Our method, developed through collaboration of the Laboratory for Freeform Fabrication at The 
University of Texas at Austin and the Rehabilitation Engineering Laboratory of The University 
of Texas Health Science Center at San Antonio [Rogers et al., 2001], creates a computer model 
of the socket from digital source taken from the patient's residual limb. The shape of the socket 
is designed so that the load is supported by specific regions of the limb that can safely resist 
contact pressures generated when the patient walks. This design is called the Patellar-Tendon 
Bearing (PTB) socket, illustrated schematically in Figure 2. 

Some areas of the residual limb are not suitable for high contact pressures, either because they 
are too sensitive to pain, are susceptible to developing sores, or other various health issues. 
Notwithstanding the reason, high pressures at these sites lead to discomfort for the patient during 
gait (thus affecting rehabilitation) and, sometimes, pose a health risk for the patient. Thus, it is 
necessary to incorporate means of relieving contact pressure over these areas. One way to 
achieve this is to make the socket orthogonally compliant at these high pressure contact sites. 

Currently, local compliance is achieved by reducing the wall thickness of the socket at pressure 
sensitive areas, as seen in Figure 3. However, this approach provides limited compliance and 
pressure relief. A more effective design may be to take advantage of the ability of SLS to easily 
create geometric variants of traditional socket shapes that allows a controlled expansion of 
socket volume to adapt to limb change during gait. 
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Figure 2: Schematic of a socket based on the PTB approach, with main force vectors shown. 
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Figure 3: Example of a current SLS fabricated socket with locally thinned walls in areas where 
compliance is needed. 

3 Design Goals and Constraints 

In order to allow the effective and successful design of orthogonally compliant features to be 
incorporated into the socket structure, it is necessary to identify the design goals and constraints. 
First, a target deformation for the compliant region when subjected to the normal steady-load 
pressure must be specified. The optimum value of the desired displacement at the center of the 
compliant site is, however, difficult to set precisely, since it depends on several parameters that 
may vary from patient to patient and can be highly subjective. Our experience has shown that 
positive results occur when the target displacement should be between 2 and 4 mm. 
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Second, the incorporated compliant features on the wall of sockets should not compromise 
structural safety during gait. Moreover, such features should not affect the shape of the inside of 
the socket and should have minimal impact on its outer appearance. The latter condition, 
although very subjective, is nevertheless important for the patient to feel positive about using the 
prosthesis. 

Third, areas with no material on the socket wall, such as slots and holes, should have minimal 
dimensions. Since the limb requires a constant minimal pressure to be applied to all areas, even 
on more sensitive areas, large holes on the wall should be avoided altogether. Features that lead 
to high localized contact pressure gradients and concentrations should also be avoided, since they 
can lead to circulatory problems for the patient. 

Finally, compliant features should not produce spikes or sharp comers when deformed. Hence, 
slots on the socket wall should not self-intersect or cross each other. Figure 4 shows an example 
of a possible socket with compliant features that satisfy these design goals and constraints. 

'■% 

Figure 4: Example of orthogonally compliant features incorporated in a socket. 

4 FEM Evaluation of Some Design Options 

For the evaluation of various design options that satisfy the design constraints described in the 
previous section, computer modeled test discs were evaluated using finite element analysis 
(FEA) and prototypes were produced with SLS and Duraform material. These discs were 
dimensionally similar to compliant areas on the socket, as shown in Figure 5. Geometric features 
such as slots and holes will be added to each disc to assess their ability to provide compliance. 
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Figure 5: Test disc to evaluate compliance options (dimensions in meters) 

The boundary conditions for the FEA analysis where defined as follows: the borders of the discs 
were fully restrained and a pressure of 10 kPa is applied at one of the free faces. SDRC I-DEAS 
8 was used for the analysis and all elements were defined as 10-node parabolic tetrahedra. The 
material properties used for Duraform were those published by 3D Systems (Valencia, CA). 

Figure 6 shows the deformation results for a solid control disc, with no compliant features. The 
displacement at the center due to the 10 kPa pressure was 5.54 x 10'^ m. Figures 7, 8 and 9 show 
the results for 4, 8 and 16 straight slots radially distributed on the discs, respectively. The central 
displacement achieved varied from 6.27 x 10'^ to 7.20 x 10"^m as the number of straight slots 
was increased. However, a design with more than 16 slots would start to compromise structural 
integrity due to higher stress concentrations. 

404 



Q \ Wir ks\ dl scr ul I . rrt 1 
FiESULTS:     1-    B.C.     1. D 8F>LACavENT_1 , LOAD SET   1 
a SPLACSVENT  -    K*\G M M     0, 00E*00   fvBX     5. 54E- OS 
CEFCRIvftTI CM     1-    B.C.     1. D SPLACEKtNT_1, LOAD SET   1 
a SPLACENCMr  -    IVAG M M     0. 00E*00   MW:     5. 54E- 05 
FRAIvE  OF   REF:     PART 

VALUE  OPTI OM ACTUAL 

5. SID-05 

'.!»-I 

" .J'-'J  .(OrV'ilJil 

Figure 6: FEA deformation results for control disc with no special compliant features. 
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Figure 7: FEA deformation results for test disc with 4 radial slots. 
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Figure 8: FEA deformation results for test disc with 8 radial slots. 
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Figure 9: FEA deformation results for test disc with 16 radial slots. 
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Figure 10 presents an option with 4 larger void spaces, which is topologically similar to the 
solution given by optimization methods. For this design, the central displacement reaches a value 
of 8.52 X 10"^m, which is still not as high as desired. In addition, there is a potential problem with 
localized pressure gradients (due to contact discontinuity) at the borders of the holes that may 
affect the peripheral circulation in the residual limb. 
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Figure 10: FEA deformation results for test disc with 4 void spaces. 
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Finally, Figures 11 and 12 display the results for designs with spiral slots (2 and 4 radially 
distributed spirals, respectively). For the case with 2 spirals, a central displacement of 4.38 x 10" 
m was achieved, which is very satisfactory. The case with 4 spirals, on the other hand, resuhs in 
a central displacement of 8.88 x 10"^ m, which was considered to be too large. 
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Figure 11: FEA deformation results for test disc with 2 spiral slots. 
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Figure 12: FEA deformation results for test disc with 4 spiral slots. 
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5 Conclusions and Future Work 

This article presents a preliminary evaluation of design options for orthogonally compliant 
features to be used in sockets for below-knee prostheses using SLS. Of the options investigated, 
the most effective design incorporated two spiral slots, which balanced providing the needed 
displacement while avoiding high contact pressures. 

This work is a preliminary study of specific topologies for compliant features using a trial and 
error approach. Future work will be directed at applying a modified version of topology 
optimization method to systematically optimize designs that satisfy the design constraints. One 
such technique is the Homogenization Method [Bendoe et al., 1993; Suziki and Kikuchi, 1991; 
Nishiwaki et al., 1998], which considers a design domain described by a 2D microstructure of 
unit cells, each one with void space (with sides defined by values a and b, which vary from 0 - 
no material - to 1) and orientation (defined by angle 6) (Figure 13). In general terms, the method 
consists of a recursive approach that calculates homogenized elasticity coefficients for the design 
domain, calculates sensitivities with FEM, optimizes for compliance with respect to a and b, 
filters results to eliminate checkboard patterns, updates angle 6 and repeats all steps until 
convergence is achieved. 
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Figure 13: Design domain for the Homogenization Method. 

However, some modifications must be applied to this method to allow its use with orthogonally 
compliant plates. First, a microstructure with orthogonal boundary conditions must be developed. 
Another fundamental modification is to filter solutions with large void areas, which violate 
design constraints for socket application. Finally, fatigue analysis should be performed on the 
compliant features. 
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Abstract 

Reaction bonded silicon carbide (RBSiC) has a wide variety of industrial applications and 
a manufacturing process based on Selective Laser Sintering (SLS) has been demonstrated in 
previous research at the University of Texas. That study was directed toward semiconductor 
manufacturing applications and was based on prior indirect SLS methods. Several key research 
questions were addressed for three main manufacturing phases: preform SLS, binder burnout and 
reactive infiltration. The current research is focused on development of material systems and 
manufacturing capability and is directed toward a broader set of potential applications. Preform 
formation utilizes SiC powder of an appropriate average particle size mixed with a multi- 
component binder. The preform or green part is then placed in a vacuum furnace to carbonize 
the binder. The details of the binder chemistry must support accurate SFF shapes and acceptable 
surface roughness, a strong green part and maintenance of the part shape during the first furnace 
operation. Finally, the physics and chemistry of the infiltration process, based on the 
microstructure of the initial green preform, determine the viability of the manufacturing process 
and the characteristics of the final composite material. 

The functionality of metal, polymer and ceramic matrix composites can support the 
growing SFF industry desire to move beyond functional prototyping and into manufacturing 
arenas. This project is being explored for more general application to matrix composite 
materials, especially highly functional systems tailored specifically for SLS. The goal is to 
establish the governing principles of binder function, carbonization and infiltration as well as to 
understand the interdependence of these phases in terms of manufacturing application. With this 
understanding new applications and special SLS composites can support the development of new 
products and a greater SFF manufacturing presence. 

This paper provides an introduction to the material, a look at basic rapid manufacturing 
trends, an overview of the previous work, a review of relevant RBSiC material science issues, 
and an outline of the current study. 

Why Silicon Carbide? 

Material Properties 

SiC is an extremely hard, heat resistant, abrasion resistant, chemical resistant, and 
thermally conductive material. However, it is very difficult to manufacture. Fully dense, sintered 
varieties of SiC can cost $400 per cubic inch just for raw material. The powdered variety, 
however, may be purchased by the boxcar for around $2.00/pound. Discovered over a century 
ago, SiC has been the subject of extensive materials research for many decades [Taylor and 
Laidler]. Over 140 microstructural variations of the material have been identified, each 
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associated with certain formation parameters and subtle property differences [Babula]. For this 
paper, two main variations are important; high temperature a-SiC, formed above 2000°C and 
relatively low temperature |3-SiC with synthesis at temperatures as low as 1150°C, probably as a 
precipitate or gas-phase deposition. Table 1, compiled from several standard sources, illustrates 
several advantages of SiC material and puts it in context with aluminum and steel. As with all 
ceramics, SiC is brittle.   However, some fiber-reinforced SiC composites have shown promising 
impact strength. 

Material Density Tensile Modulus Flexural Strength Thermal Cond. Melt/Soft Temp. 
Silicon Carbide S.lkg/m-' >400 GPa 550 MPa 120 W/m/K 2800°C 
RBSiC 2.9 kg/m^ 200-375 GPa 40-450 MPa llOW/m/K 1375°C 
Aluminum 2.7 kg/m-' 62-70 GPa 240 MPa 150-210 W/m/K 550-650°C 
Steel 7.8 kg/m' -195 GPa 750-2500 MPa 15-35 W/m^: 300-650°C 

Table 1 : Material Properties (for basic comparison only) 

b-SiC Initial Powder 

Si Matrix Material 
I 
p-SiC Reaction Formed 

Figure 1 : RBSiC from Laser Sintered Preform 
(http://vvavw.fraunhofer.de/english/press/md-e/mdl998/f_1298-f5e.html) 

Typical manufacturing processes for SiC are pressureless sintering, gas pressure 
sintering, hot pressing, hot isostatic pressing, chemical vapor deposition, re- 
crystallization and reaction sintering 

-Suyama et al., p. 1201 

The temperatures, pressures and material preparation of these processes make them costly 
and impractical for large scale operations. Reaction sintering (pursuing fully dense SiC) and its 
close relative, reaction bonding (creating a matrix composite) as seen in Figure 1, are considered 
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the most promising fabrication strategies for SiC materials due to their net-shape capabilities, 
speed and low cost [Suyama et al., Rajesh and Bhagat]. Suyama, et al., add that the process 
imparts almost negligible dimensional changes. Figure 1 shows the main elements of RBSiC; a- 
SiC from the starting powder, p-SiC formed during the infiltration process and remaining Si. 
Additional details about reactive infiltration are discussed below.   Several variations on these 
processes are found in industry. The process employed by Poco Graphite (www.poco.com) 
involves machining graphite to final part dimensions and a chemical vapor infiltration process to 
convert the carbon structure to SiC. Rohm and Haas (www.cvdmaterials.com/silicon.htm) 
employs a chemical vapor deposition process directly into SiC. Other companies create 
SiC/carbon powder slurries which are molded into part shapes and directly sintered or reaction 
infiltrated. 

Product Applications 
A wide variety of SiC products exist today, as seen in Table 2, but not all of them 

represent potential for SLS manufacturing. Many have simple shapes due to the difficulty 
involved in making complex shapes with SiC. Others require fully dense SiC, rather than 
RBSiC. Finally, those made using certain molding operations are mass produced, which leaves 
SLS at a disadvantage. However, the ability of SLS to make nearly any shape could put SiC into 
service for entirely new applications. 

Turbine components 
Automotive 
Armor 
Burner Nozzles 
Metal working equipment 
Bearings 
DC Magnetron Sputtering 
Faucet Washers 
Mechanical Seal Faces 
Pulp and Paper 

Table 2 

Semiconductor 
Wear & Corrosion Resistant 
Components 
Heat Exchanger Tubing 
Valve & Valve Trim 
Hydrocyclones 
High Temperature / 
Thermal Components 
Thermocouple Tubes/Prices 
Kiln Systems 

Current Applications of SiC Components 

Beams 
Batts 
Posts and Rollers 
Ball valve parts 
Wear plates 
Kiln furniture 
Brakes 
Foundry equipment 
Heat exchangers 

Rapid Manufacturing 

Rapid manufacturing (RM) may not soon replace mass production, but the economic 
model advanced by Hopkinson and Dickens, as an example, indicates SLS is a viable alternative 
to injection molding at product runs up to 14,000 units and with some lower cost RM materials 
that number would increase significantly. The fit with foundries has been one of integration into 
previously existing manufacturing standards [McDonald, et al., p.87].   The opportunity for 
parallel fabrication in SFF also tends to favor smaller parts. Yet, complex parts even now are 
more cost effectively produced via RM methods [Pham and Dimov]. As an example, the heat 
exchanger assembly for the Pratt and Whitney PW6000 engine is manufactured using SLS to 
create the shape of each part before casting in aluminum. The reduced costs of tooling, design 
freedom and flexibility have been addressed widely in SFF literature, but what may be more 
critical is the importance of materials research for realizing the anticipated impact of RM [Kai & 
Fai. p.201, Hague etal.]. 
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Rapid manufacturing will become more of a reality when the properties of the 
materials that are produced become more acceptable and consistent. This 
materials research is one of the main stumbling blocks to (RM)... 

-Hague, et al., p.30 

Even though SLS has the largest material set among SFF techniques [Ryder, et al.] there is a 
long way to go before designers have the range of materials necessary to address a critical mass 
of manufacturing tasks [McDonald, et al., p.240]. During this material development a move 
from low-volume applications toward higher volumes could proceed with improved RM 
processes, increasing the design of products to be made specifically by SFF techniques. 

Previous Project Overview 

The previous work was driven by a desire to leverage the capabilities of SFF to develop a 
new fabrication scheme for RBSiC, particularly for the manufacture of wafer carrier boats. The 
resistance of SiC materials to thermal shock and corrosion fits well with the challenging 
constraints of high-temperature semiconductor processing. The coefficient of thermal expansion 
(CTE) matches well with Si, reducing the particulate contamination and wafer defects when 
compared to the more traditional quartz fixtures, and contributes to the estimated 20x service life 
over quartz. Wang's focus was on the physics and chemistry of pressureless liquid Si infiltration 
of the porous preforms. She established the basic indirect process used to make SiC from SLS 
performs; laser sintering a SiC powder mixed with binder compounds (green part), carbonization 
of the binder (brovm part) and reactive infiltration of liquid silicon. The novelty of this research 
was the use of SLS for the creation of SiC performs for reaction bonding. The main 
developments during Wang's work were an examination of wicking mechanisms in porous 
media, an analysis of the SiC forming reactions present and ultimately a fabrication process that 
produced viable parts. Figure 2 shows a part made during the previous study. 

Figure 2: (a) A Rendering of a Slotted Horizontal Boat, (b) A Silicon Carbide/Silicon 
Composite Boat Produced by Selective Laser Sintering and Silicon Infiltration. Also shown 

is a 6-Inch Scale. 

Roughly concurrent to the UT work was a study conducted in Germany 
[http://ikpindy2.verfahrenstechnik.uni-stuttgart.de/RP_IKP/keramik/SiSiC.html]. The purpose 
of that work was to create a high-SiC content final part. Although SLS was used to form the 
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performs several differences existed especially in initial powder and additional resin infiltrations, 
presumably to enhance the carbon structure after carbonization. Figure 1 was taken from 
information published about that work. 

Several key questions from this previous work provide avenues of exploration for the 
current research. First, the green strength of the preforms was barely adequate for handling the 
parts and preparing them for the furnace operations. A viable manufacturing operation would 
need a significant improvement in this area. The density of parts increased both with infiltration 
temperature (1450-1600°C) and with dwell time (0.1,1 and 5hrs). The flexural strength was at a 
maximum when infiltration was at 1500°C for Ihr and at 1600°C and 0.1 hrs. Relatively low 
strengths were found at all temperatures for the 5 hr dwell time. The greater final density of 
parts that underwent longer infiltration dwell times suggests more SiC growth; however, this 
does not necessarily correlate with better final part performance. The differing strength versus 
temperature [Wang, p. 134] indicates the likelihood that the shorter infiltration (O.lh) has not 
developed significant regions where the p-SiC has established a fragmented structure, a 
phenomenon discussed below. In other words, although the density of the parts increased, it is 
possible that the microstructure supports a weaker final part. Although changing the particle size 
is expected to improve surface roughness, as Wang suggests, it can have greater influence on 
other parameters such as part strength or infiltration success. Finally, the coefficient of thermal 
expansion (CTE) was found to be closer to silicon (-3.5x10"^ @ 500°C) than pure SiC 
(-4.75x10'^ @ 500°C). The lowest CTE was from samples formed with the 5 hr dwell which 
paradoxically suggests lower SiC content. 

Successful development of the best composite materials will require deeper 
understanding of the formation of SiC during infiltration. The structure of the "green part" and 
the "brown part" after binder decomposition need to be improved and correlated to the structure 
of the final material. Ultimately, the characteristics of the initial binder and SiC powder mixture 
will need to be optimized for the best system of processing and final part characteristics. 

Key Issues in New Research Effort 

Binder Development 

The polymer chemistry and function of each constituent in the previous binder system is 
being examined. A new formulation is being developed based on the knowledge from the 
previous work, a literature review of liquid infiltration and a focused research effort. The specific 
elements of the binder study, including constituent chemistry, rheology and green and brown part 
structures are expected to be published separately and are beyond the scope of this paper. It is 
anticipated that the uniformity and consistency of the finished parts will be greatly supported by 
this work. There is a correlation between surface conditions, particle sizes and the packing 
density achievable in the part bed as may be inferred from the work of Paik et al. The final 
strength of the material is related to this packing density as well as the dispersion of the 
constituent materials. Further, the microstructure of the green preform is intimately related to the 
final properties of the infiltrated part. In addition, this work will be a springboard for studying 
the mechanics of unsupported, pressureless, reactive infiltration as well as the microstructural 
elements that evolve through the entire SFF-based manufacturing process. 
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Material Formation 

When liquid Si meets carbon it reacts to form SiC. When a porous (<200 fim pore size) 
SiC preform is placed in contact with liquid silicon, the silicon fills the preform to at least a 
height of 2m [Wang]. In the following paragraphs a few challenges are discussed that undermine 
the simplicity of the previous statements. 

A rather significant ~116kJ/mol is released when this reaction occurs [Rajesh and 
Bhagat]. Wang observed a local temperature increase of 400°C. This heat of reaction, which 
changes based upon the structure of the carbon, influences the formation of SiC and the 
characteristics of the final parts. This combined with the significant changes in permeability 
observed by Rajesh and Bhagat indicate an influence on wicking kinetics and therefore final 
composite microstructure based on temperature at the onset of wicking. It may be possible to 
tailor preform characteristics for more rapid or more effective infiltration. Enhanced SiC 
formation from "solution reprecipitation" due to the increased exposure of C to Si melt which is 
likely due to carbon diffusing from higher temperature regions of the Si melt and supersaturating 
others. Favre et al., observed significant SiC growth at the liquid atmosphere boundary, away 
from the interface between carbon and silicon which they attributed mainly to the diffusion of 
CO(g) to the SiC grains within the Si melt. The effects of reaction heating, dissolved carbon and 
other transport phemomena need to be addressed. 

A thorough understanding of the wetting characteristics and the driving capillary action 
from the previous work coupled with a newly available model of transient permeability within 
preforms for reaction-formed SiC materials [Rajesh and Bhagat] should provide insight into the 
infiltration mechanics.   If the Si is introduced to the preform as a melt, the main SiC formation 
occurs within the first minute of contact and proceeds to a relatively final thickness of 10-12 )j,m 
at carbon surfaces [Favre, et al.]. After this thickness has been reached further growth is 
inhibited by the extremely low diffusion of carbon or Si through SiC. High compression forces 
at the grain boundaries cause crystals to break away, causing periodic growth and local breaks 
[Favre, et al.]. These breaks cause a sudden exposure of carbon to Si and also cracks in the 
carbon surface itself. In small capillary channels the growth of SiC can choke off the subsequent 
flow of Si. SiC growth can also occur in other regions where liquid saturation or gas-phase 
(specifically Si(G), SiO(G) CO and CO2) transport supports growth. The quick initial boundary 
growth and the liquid surface growth are both promising SiC formation avenues, but must be 
understood in practice. 

Residual silicon has a detrimental effect on the mechanical properties and reliability of 
the finished parts [Paik et al.] with fracture of RBSiC dominated by the failure of the Si matrix 
[Fernandez et al.]. This is especially apparent in maximum temperature, acid resistance and 
fracture toughness. The sintering study by Suyama et al. generated a remarkably strong sintered 
material by, "controlling the residual Si size under 100 nm." Fernandez, et al., also observed a 
significant strength when a continuous SiC structure (from carbonized wood) was a feature of the 
infiltrated material. This was corroborated by the work of Dyban where larger SiC particles 
(~100)a) maximized the connection of SiC to SiC within the structure of the infiltrated material. 
Again, it seems likely that a very capable material may be made, but what is possible within this 
manufacturing strategy is unclear. 

Basic Research Tasks 
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It is known that the infihration reaction occurs and that fully dense parts may be created. 
Yet, we need to explore the transient permeability, the local temperature effects, the reaction 
kinetics, the kinetics of various chemical reactions, and the evolution of the composite 
microstructure. These elements must be linked to the nature of the preforms that can be produced 
via SLS. We want to create a final material system with an interconnected microstructure of SiC 
that supersedes the limitations of a silicon matrix. One key to this may be in the tailoring of the 
carbonized brown part which may help to create an interstitial P-SiC structure similar to that 
formed in RBSiC created from charcoal as discussed by Fernandez et al. and others. This will be 
challenging due to the complexity of SiC formation coupled with the need for a binder material 
and initial powder to work within the constraints of SLS processing. 

There is a desire to move from proof of concept to a far more refined process and better 
finished product. Based on this greater understanding of each manufacturing phase we seek 
methods of part design as well as a deeper understanding of this technology in terms of Rapid 
Manufacturing. In other words, we want to tie the potential of the microstructure to a system for 
understanding the tradeoffs across the manufacturing process and incorporating the design of 
finished parts. More generally, we see the development of new materials as a key driver to the 
future development of SFF technology in general and expect that this project will generate a 
template for the more rapid deployment of additional powder-based composite materials in SLS 
systems. 

Conclusion 

In this paper we have discussed SiC material, specifically in a reaction bonded form and 
its applications. The previous work conducted at UT has provided a good foundation for the 
current effort. The desire within the SFF industry to support more manufacturing presence will 
require more extensive research into highly functional materials that may be manipulated 
effectively into useful shapes. This particular material system is complicated but we are 
confident that it will yield a viable manufacturing alternative for a variety of applications and 
serve as a basis for additional SFF materials research. 
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Abstract 
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A desktop rapid prototyping (RP) system has been developed to fabricate scaffolds for tissue 
engineering (TE) applications. The system is a computer-controlled four-axis machine with a 
multiple-dispenser head. This paper presents the scaffold fabrication process to build free-form 
scaffolds from relevant features extracted from given CT-scan images for TE applications. This 
involves obtaining the required geometric data for the scaffold in the form of a solid model from 
CT-scan images. The extracted scaffold model is then sliced into consecutive two-dimensional 
(2D) layers to generate appropriately formatted data for the desktop RP system to fabricate the 
scaffolds. The basic material processing involves the sequential dispensing of two or more 
materials to form a strand. The four-axis system enables strands to be laid in a different direction 
at each layer to form suitable interlacing 3D free-form scaffold structures. The multiple- 
dispenser head also allows the introduction of living cells and additional materials during the 
scaffold building. The building of the scaffolds with the desktop RP system is described based on 
the sequential dispensing of chitosan dissolved in acetic acid and sodium hydroxide solution. 
Neutralization of the acetic acid by the sodium hydroxide results in a precipitate to form a gel- 
like chitosan strand. 

Keywords: Scaffold; Rapid prototyping; Tissue engineering 

1.      Introduction 

In tissue engineering (TE), scaffolds built from synthetic or natural materials serve as 
temporary surrogates for the native cellular matrix. Rapid prototyping (RP) is suitable for 
tailoring individual patient-specific scaffold parts because of its flexibility to build complex 
structures. At present, several RP techniques have been exploited and adapted for generating 
individual TE scaffolds, such as fiised deposition modeling (FDM) [1,2], laminated object 
manufacturing (LOM) [3], three-dimensional printing (3DP) [4], multiphase jet solidification 
(MJS) [5] and 3D plotting [6]. 

*Correspondence author: Dr. Y.S. Wong 
Email: mpewvs(a>,nus. edu.sg 
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This paper presents the development of a four-axis multiple-dispenser robotic system to 
fabricate scaffolds. The process involves the sequential dispensing of materials that coagulate to 
form inter-lacing strands for the building of the scaffold. An additional property is that the basic 
structures can be achieved without high temperature, unlike FDM. This enables fabrication with 
materials or material additives that will otherwise decompose under the high-temperature 
fabrication condition. It also facilitates the incorporation of proteins and living cells into the 
scaffold via additional dispensers. This feature makes the process more suitable for tissue 
engineering applications. 

The focus is on the scaffold fabrication technology for TE. The mechanical and structural 
requirements of TE scaffolds and the pre-requisites for scaffold fabrication techniques are 
described. Emphasis is on the fabrication process using the robotic dispensing system to build 
scaffolds. This includes obtaining individual geometrical data to form 3D CAD model and 
segmenting the model to two-dimensional (2D) layers to generate data for the four-axis multiple- 
dispensing RP system to fabricate scaffolds automatically. 

2.     Materials and requirement for fabricating scaffold 

2.1 Materials 

As the scaffolds for tissue engineering will be implanted in the human body, the scaffold 
materials should be non-antigenic, non-carcinogenic, non-toxic, non-teratogenic and possess 
high cell/tissue biocompatibility, so that they will not trigger any adverse cellular reactions after 
implantation. 

In this research, chitosan was used as the scaffold material. Chitosan, which is a naturally 
occurring amino-polysaccharide, is biodegradable, biocompatible and nontoxic [7]. A high- 
purity chitosan powder (C12H24N2O9) is used. The material was prepared by dissolving chitosan 
in acetic acid to form a hydrogel. The gel was contained in the plastic syringe barrel and 
dispensed by pressurized air. NaOH solution was used as coagulation and dispensed via another 
syringe using a motorized plunger. 

2.2 Requirement 

Besides material issues, the macro- and micro-structural properties of the scaffold are also 
very important [8, 9]. In general, the scaffolds require individual external shape and well defined 
internal structure with interconnected porosity. 

Ideally, a scaffold should have the following characteristics: 

(a), be highly porous with an interconnected pore network for cell growth and flow transport 
of nutrients and metabolic waste; (b) have suitable surface chemistry for cell attachment, 
proliferation, and differentiation; (c) possess mechanical properties to match those of the tissues 
at the site of implantation; (d) be easily fabricated into a variety of shapes and sizes and (e) 
possess interconnecting porosity so as to favor tissue integration and vascularity [10, 11] 
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3.     The process 

RP is suitable for tailoring individual parts for specific applications and this has a great impact 
for the biomedical industry. RP already has areas of applications in building prosthetics and 
mechanical implant structures [12]. These computer models were produced by computer-aided 
design (CAD) software from computer tomography (CT) or magnetic resonance imaging (MRI) 
data. Considering the time, flexibility and accuracy requirements, RP technologies are very 
suitable for application in tissue engineering to fabricate scaffolds. 

A general framework for the application of rapid prototyping in the area of tissue engineering 
is shown in Fig. 1 [13]. A specific area of the patient is scanned by computer tomography or 
magnetic resonance and the data are imported into a CAD software. The scaffold is designed 
according to the individual requirements using the CAD software and postprocessed data for the 
fabrication of the scaffold is then transferred to a RP system to produce the scaffold with a 
biocompatible and biodegradable material. Living cells are seeded onto the surface of the 
scaffold after or during the RP process. When the cell number increases following cell culture 
treatment, the scaffold is implanted into the human body and eventually replaced by natural 
tissue. 
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Figure 1. A framework of biomedical RP [13] 

3.1 Input data 

Computed Tomography (CT) and Magnetic Resonance Imaging (MRI) systems are the two 
most commonly used medical scanning systems. Through both the CT and MRI scan, a series 
of digitized gray-scale slice images of the scanned body is obtained. A suitable three- 
dimensional (3D) computer model is derived from the scanned images using the Materialise's 
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Interactive Medical Image Control System (Mimics) software [14]. The Mimics software is an 
interactive tool for the visualization and segmentation of CT / MRI images and 3D rendering of 
objects. The purpose of the data processing is to produce 3D reconstructions of objects directly 
from the digitized gray-scale image data and to convert the medical data to the data that can be 
processed by rapid prototyping systems. This involves separating the data of the tissue of 
interest from the scan data sets, or generating a certain part of the tissue from the available data. 
In some cases, the missing part of the tissue is extracted to create the implant for the scaffold 
building. Once the certain tissue part is separated or created, it can be converted into data 
formats that are compatible with RP systems, including Standard Triangulation Language 
(STL), Initial Graphic Exchange Specification (IGES), Standard for the Exchange of product 
Model Data (STEP), Common Layer Interface (CLI) and Virtual Reality Modeling Language 
(VRML), etc. 

3.2   Robotic dispensing system 

Figure 2. RPBOD system Figure 3. Mechanical & pneumatic dispenser 

The rapid prototyping system shown in Figure 2 for the fabrication of scaffolds is a four-axis 
multiple-dispenser robotic system (RPBOD) based on the Sony Robokits. It is capable of three 
simultaneous translational movements along the X-, Y- and Z-axes with an added rotary 
motion about the Z-axis. The three translational movements have positioning accuracy of up to 
0.05mm and a minimum step resolution of 0.014mm. 

There are two kinds of dispensing mechanisms, pneumatic and mechanical (Figure 3). The 
pneumatically driven syringe dispenser is controlled by a solenoid-operated pneumatic valve. 
The mechanical dispenser is controlled by a plunger driven by a stepper motor. By controlling 
the displacement of the plunger, the dispensing rate can be precisely regulated, particularly at 
very low flow rate (such as 0.5 |a,l/sec). 
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The control software integrates the processes of shcing, which generates sHced layers in the 
+Z-direction, and dispensing, based on the slicing, to build suitable scaffold layer-by-layer. 

3.3   Scaffold building 

To generate a scaffold, the chitosan and NaOH are sequentially dispensed in each scan pass. 
The chitosan fluid was extruded and allowed to contact the base. The coagulation medium 
(NaOH) follows closely before the chitosan spreads out. The two materials react to precipitate 
into a strand. As shown in Figure 4, the tip on the right dispenses the chitosan and that on the 
left dispenses the NaOH solution, positioned approximately 5 mm apart. The dispense 
sequence is from left to right, and the nozzles are individually timed to dispense only when 
over the same section. 

Motion 

NaOH tip clears the 
strand by 0.1~0.2mm 

NaOH Chitosan 

Chitosan tip clears the 
surface by 0. l~0.2mm 

Figure 4. Nozzles position of twin dispensing 

Figure 5 shows the process of scaffold fabrication by the dual dispensing method. During 
the dispensing process, ftie chitosan gel is dispensed as the dispenser moves (from left to 
right), leaving the chitosan gel on the base. Immediately following, tie the mechanical 
dispenser drops the NaOH solution to precipitate the chitosan gel 

(a) (b) (c) 

Figure 5. Scaffold fabrication process by dual dispensing 

(a) Fabrication of first layer, (b) Start of dispensing for second layer; 

(c) Scaffold building layer by layer. 
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After the first layer, the base is rotated by 90 degrees and the dispensers are Hfted to a higher 
level that allows for the chitosan gel for the next layer to lay on the previous layer. The robot 
then generates the second layer similarly (Figure 5b) and the scaffold is progressively built as 
layers are sequentially generated in this manner (Figure 5c). 

The chitosan scaffold built by this dual dispensing method exhibits excellent uniformity and 
strength. This has practically eliminated the occurrence of edge curling, the primary cause of 
strand dragging in chitosan scaffolding fabrication process. Edges of scaffolds are also better 
defined and good surface uniformity of the top layer is maintained (Figure 6). The process has 
good reproducibility, once properly calibrated [15]. 

fe ■ '('-it :i^. ■!. 1 
Figure 6. Freshly built chitosan scaffold and the air-dried scaffold under optical 
microscope (15X) 

3.4    Generation of irregular shape scaffold 

The advantage of RP technologies is their ability to produce complex 3D shape from a given 
computer model. As described earlier, the Mimics software enables scan data to be imported and 
the model of certain tissue part can be appropriately separated or generated, and subsequently 
converted into a data format that is compatible with the RP system. Figure 7 shows the model of 
a skull generated from its CT scan images. The bone has been separated from other soft tissues 
by setting a suitable threshold value. A 3D computer model of a patch has also been interactively 
created that can fill the hole by using editing and segmentation tools provided in Mimics. The 
model is then transferred in STL format to the RPBOD. Figure 8 shows the model displayed on 
the monitor of the RPBOD. 

The model can be appropriately rotated before slicing in the Z-direction. The information of 
these layers is saved as CLI file, which is a simple, efficient and unambiguous format for data 
input to fabricate the model layer-by-layer. Figure 9 (a) and (b) show four consecutive scanned 
layers. The direction of the scan lines is set to intersect that of the preceding layer at 90 degrees. 
Hence, the built strands crossed at each layer to form the scaffold. The quality of built scaffold 
depends on the characteristics of the materials and experimental conditions, including the 
concentration, dispenser speed, and dispensing rate. 

428 



3D computer models of 
the skull and the patch 

CT images of a skull with a hole 

Figure 7. The conversion of CT images to 3D computer mode by Mimics. 

■Ibtate 8 Tl-ansfcrm STL object 

Figure 8 Model of skull defect patch shown on the RPBOD monitor 

(a) Sliced model 
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(b) Consecutive layers 

(c) Scaffold part built (15 layers) 

Figure 9 Chitosan scaffold of the patch built by RPBOD system 

The built part shown in Figure 9(c) is based on the model shown in Figure 9(a) and indicates 
the potential of the system to build free-form scaffold. Parameters, such as strand distance and 
layer height, have significant effect on the quality of the built part. Presently, hanging sections of 
the built part are not supported. Future function will consider providing appropriate support 
structures. 

4.     Results and Discussion 

The pneumatic dispenser extrudes the viscous gel through a small diameter (0.1 ~ 0.2 mm) 
needle at a pressure from 2 to 4 bar, depending on the dispensing rate and the size of the needle. 
However, when the solution is of low viscosity, it flows in an uncontrollable way. Therefore the 
pneumatic dispenser is not suitable for the dispensing of low-viscosity solution, such asNaOH 
solution On the other hand, the mechanical dispenser can achieve dispensing of lo\\^viscosity 
fluids at low flow rate of 0.5 [il/sec. 

430 



Greater flexibility and advantage can be achieved v^ith the method of dual dispensing with 
different dispensers to suit the nature of the fluid to be dispensed. In the case of single dispensing 
of one solution into a container of another solution, there is the problem of gradual lowering of 
concentration and agitation of the solution in the container. These problems are eliminated in the 
dual and sequential dispensing of the solutions. Additionally, improved adhesion is achieved. 
Moreover, the operating speed is also improved since agitation of the solution that is dispensed 
into is not a problem. 

5.     Conclusion 

The RP robotic dispensing system (RPBOD), combining RP technology with tissue 
engineering, provides much potential for the design and desktop manufacturing of biomedical 
scaffolds. Rapid prototyping of scaffolds by the RPBOD is presented using a biocompatible 
chitosan gel for tissue engineering. During the scaffold fabrication, high temperature is not 
required and with the multiple-dispenser feature, it allows fabrication with materials or material 
additives, which otherwise decompose under heat, as well as the incorporation of proteins and 
living cells. The porosity of the resulting scaffolds can be controlled to facilitate good ventilation 
and cell growth Important challenges for further research are the incorporation of growth factors 
as well as cells seeding into the 3D dispensing plotting materials. Improvements regarding the 
mechanical properties and the growth of cells are also necessary. 
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ABSTRACT 

The Electron Beam Melting technology is the result of intensive research and 
development and has a wide array of applications within areas such as Rapid 
Prototyping, Rapid Manufacturing, Tooling and Biomedical Engineering. The 
technology combines first-class material properties with high build speeds. The 
presentation will provide a basic understanding of the technology, technical status, 
applications and ongoing R&D. 

Basic process & background 

Arcam, founded 1997, has developed a unique Free Form Fabrication (FFF®) 
technology for Direct Manufacturing of fully dense parts from metal powder. The 
technology is based on Electron Beam Melting (EBM) and the parts are built up by 
melting the metal powder layer-by-layer. 

The founders were prompted by a vision to revolutionize the art of manufacturing of 
complex parts. The technology is the result of intensive research and development 
and has a wide array of applications within areas such as Rapid Prototyping, Direct 
Manufacturing, Tools for Injection Molding and Die-Casting as well as Biomedical 
Engineering. 

The technology offers a high level of geometric freedom together with first-class 
material properties. The CAD to Metal® technology provide fully dense metal with 
material properties identical with or close to the target metals used. Most conductive 
materials can be used although steel and titanium alloys the only materials available 
as per today. The strategy in the development is to combine excellent material 
properties with high build speeds. 

With its ability to directly process complex geometries, the Electron Beam Melting 
process is ideal for direct manufacturing of complex parts in low volumes. The 
process enables customization of parts and parts optimized for the CAD to Metal 
process can feature geometries that cannot be achieved in other manufacturing 
technologies, thus providing superior performance in the part and value to the 
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customer. The process works directly from CAD data and is fast. The designer can 
have a fully functional detail within 24 hours from completion of the design. The 
process often requires significantly less lead-time than sand casting or investment 
casting. 

The combination of Electron Beam Melting and vacuum provide high power and good 
environment for the process resulting in excellent material properties. 

The major difference between the Electron Beam Melting process and methods such 
as Laser Sintering/Laser Melting is efficiency of the Electron Beam gun compared 
with a laser. The electron beam technology is several times more energy efficient 
than laser technology resulting in less power consumption and lower maintenance 
and manufacturing costs. Arcam is currently using a 4 kW EB gun on its standard 
machine. Reflection in the pool of melted metal is also a non-issue with electron 
beam technology. 

The availability of sufficient power in the heat source in any fully melting freeform 
fabrication system is of key importance to achieve good material properties and high 
build speeds. 

Electron Beam Melting (EBM) 

The fundamental idea behind the CAD to Metal® technology is to build up metal 
details in layers of metal powder, each of which is melted by an electron beam to 
exactly the geometry defined by the computer model. 

The part is first designed in a 3D CAD program. The file is transferred to pre- 
processing software where the model is sliced into thin layers. The parts are built up 
layer-by-layer by the Electron Beam Melting (EBM) process in a vacuum chamber. 
On completion of the CAD to Metal Process the net-shape part is cleaned and can be 
finished as necessary by conventional methods. 

The electron beam is generated in an Electron Beam Gun situated on the top of a 
vacuum chamber. The Electron Beam Gun is fixed and the beam is deflected to 
reach the entire building area. 

The electrons are emitted from a filament, which is heated to high temperature. The 
electrons are then accelerated to half the speed of light in an electric field. The beam 
of electrons is controlled with two magnetic fields. The first acts as a magnetic lens 
and is responsible for focusing the beam to the desired diameter. The second 
magnetic field deflects the focused beam to the desired point on the building table. 

Advantages and disadvantages 
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Electron Beam Welding has become a vital technology in many industries. Some of 
its benefits include: 

Ability to achieve a high energy level in a narrow beam. 
Vacuum melt quality can yield high strength properties of the material. 
Vacuum environment eliminates impurities such as oxides and nitrides. 
Permits welding in refractory metals and combinations of dissimilar metals 

Electron Beam Melting benefits from all of these factors in the same way. Compared 
with laser sintering/melting additional benefits include: 

Higher efficiency in generating the beam of energy resulting in lower power 
consumption as well as lower maintenance and installation costs 
High actual overall power resulting in high build speeds 
Deflection of the beam can achieved without moving parts resulting in high 
scanning speed and low maintenance. 

Some apparent disadvantages of electron beam technology are: 

Requires vacuum which adds another system on the machine which cost 
money and must be maintained [Added benefit: Vacuum eliminates impurities 
and provide and good thermal environment for freeform fabrication] 
Electron beam technology produces X-rays while in operation [Solution: The 
vacuum tank shields the rays perfectly if properly designed.] 

Process availability and current use status 

As per June 30'^ 2003, 8 units have been built with a 9"^ system in production. Four 
of the systems are situated at Arcam while two beta-systems where installed at 
companies in Sweden during 2002. The present model was launched in December 
2002 and during 2003 two of these systems have been installed. One system is in 
operation in Italy and one system at NC State University in Raleigh, North Carolina, 
USA. 

The best applications, now and in the future 

Present R & D is focusing on parts for high performance applications within 
automotive and aerospace industry as well as biomedical applications such as 
implants. Typical applications are complex parts manufactured in low volumes where 
casting and machining would require too much of lead-time, machine time or 
scrapping of material. 

The technology can also be used to manufacture parts featuring geometries that 
cannot be achieved in other manufacturing technologies, thus providing superior 
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performance in the part and value to the customer. Examples of such applications 
are: 

Complex lattice/framework structures for lightweight design 
Internal cavities for lightweight design, weight distribution optimization and flow 
control 
Optimization of material and stress distribution 
Conformal cooling channels 

The technology is used by teams within the car racing industry for fabrication of high 
performance parts and prototypes. 

Fabrication of custom designed orthopedic implants can benefit from efficient 
freeform fabrication in metals such as commercially pure and alloyed titanium. There 
is a future for customized Knee- and Hip-implants that will provide better fitting and 
longer lasting prostheses and most areas of orthopedic implant surgery can benefit 
from customized implants. 

North Carolina State University has several research projects related to customize 
implant technology. Areas of research include 

Optimize the bone-implant interface for better performance 
Reduce bone remodeling due to better stress distribution 
Customize implant due to size and shape of Tibia and Femur. 
Fabrication of implant components in titanium using the EBM-machine 

Custom Implants 

Each year over 500,000 Americans go through a hip or knee implant surgery to 
restore the function of a worn out joint. One of the main problems is that we are all 
different and the generic implants don't fit perfectly on most people, decreasing the 
longevity and the function of the implant. To improve the current generic implants, an 
effort has been made at North Carolina State University to design custom implants 
based on a Computed Tomography (CT) scan of the particular patient. The CT-scan 
is converted into a CAD-model of the patient's joint and a custom implant can be 
designed with optimal fit, shape and geometry. 
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The custom designed implant component could be fabricated through investment 
casting using an RP-pattern as a master, but would take a considerable amount of 
time and would be labor intensive, making the implant prohibitively expensive. Using 
the EBM-technology and the newly developed titanium alloy, the implant component 
could be fabricated in a matter of hours with very little labor involved using the same 
manual finishing as with conventional implant fabrication. 

Plates for repair of severe bone fractures 

Titanium and stainless steel plates are often used to repair and secure severe bone 
fractures on both humans and animals. The standard bone plates come in different 
sizes and are normally flat with evenly distributed holes. The surgeon spends a 
considerable amount of time in surgery to shape the bone plate to conform to the 
patient's specific anatomy using hand tools. This is an iterative process that prolongs 
the surgery, increasing the risk of trauma and infection. In many cases it is difficult to 
align the evenly distributed holes with the bone to attach the screws. In a new project 
at NCSU, custom designed bone plates are being developed using patient specific 
CT-scans and the EBM-technology. The surgeon will decide where to place the holes 
for the screws to achieve the optimal result and the plate is designed to perfectly 
conform to the curvature of the bone. 

Materials 

In theory, most conductive metals can be used in the process. To convert theory into 
reality Arcam is devoting significant resources to R&D in materials sciences in order 
to constantly develop and refine the CAD to Metal process for an increasing number 
of metals and alloys. Partners in materials R&D include companies and organizations 
such as 

Chalmers University of Technology, Goteborg, Sweden 
Max Planck Institute, Dusseldorf, Germany 
North Carolina State University, Raleigh, NC, USA 
Volvo Aero Corporation, Sweden 

The CAD to Metal® process fully melts the metal powder in order to provide fully- 
dense metal with material properties identical with or close to the target metals used. 
Parts are built up in vacuum under strict temperature control. 

Initial development of the technology was carried out with iron-based metals and the 
process has been verified for the following materials: 

Tool Steel 
Low Alloy Steel 
Alloyed Titanium 
Commercially Pure Titanium 
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Nickel Alloys 

The current build volume that has been achieved is within a 200x200x160 mm 
envelope with massive parts in steel having a maximum size limitation of some 
150x150x160 mm. The accuracy is within +/- 0.3 mm and is comparable to castings. 

Mechanical Properties 

Hardness 
Tensile Strength (Rm) 

Yield Strength (RpO.2) 
Modulus of elasticity 
Elongation 
Microstructure 

Ti6AI4V 
30-35 HRc 
930Mpa/135ksi 

880Mpa/125ksi 
128 000MPa 
>10% 
Lamellar alpha-phase with 
larger beta-grains. The 
material has a naturally 
aged condition directly 
from the process  

H13 
48-52 HRc 
1300Mpa/190ksi 
abt1500Mpa/220ksi 
after heat treatment 
1000 Mpa 7144 ksi 
210 000MPa 
N.A. 
Martensitic structure with a 
typical grain size between 
10-30 mm due to fine 
uniform vanadium carbide 
dispersion.  
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Abstract 

Metal orthopedic implants have been used for many decades with great success. 
Replacement joints and plates for bone fractures are usually made from titanium, cobalt- 
chromium or stainless steel. Through recent advancements in biomodeling, custom orthopedic 
implants can be designed. However, fabrication of these custom implants can be prohibitively 
expensive with traditional processes. With the introduction of Electron Beam Melting (EBM), 
direct fabrication of fully dense metal components is possible. In this paper, the development of 
titanium for the EBM-process will be discussed, and direct fabrication of custom designed 
orthopedic implants made out of steel and titanium will be demonstrated. 

Introduction 

Over 500,000 Americans undergo joint replacement surgery each year, with hip and knee 
implants being the most common. The number is predicted to exponentially increase over the 
next couple of decades'. Many different types of bone plates are used to fixate bones after a 
severe fracture or after an osteotomy. Joint implants and bone plates are usually made out of 
stainless steel, titanium or cobalt-chromium and come in standard sizes and generic shapes. Even 
though total joint replacements have been successfiilly used for several decades, the longevity of 
the implant components is not satisfactory in many cases, especially in younger patients [1,2]. 
One of the most common causes for implant revision is loosening of the component, which is 
mostly caused by bone remodeling [3]. Bone is a living tissue that is constantly changing due to 
external forces to optimize its structure and minimize its weight [4]. Bone will increase in 
density when experiencing a dynamic load, and it will decrease in density when experiencing a 
static load or no load at all. This is a common problem for astronauts when spending an extended 
amount of time in microgravity. Older people experience the same problem when they become 
less active, and their condition is referred to as osteoporosis. 

When implanting a joint replacement, the affected portion of the joint must be removed 
to provide healthy bone to interact with the implant [5]. Modem implants are coated with a 
porous titanium coating on the bone-implant interface surface to enhance and promote bone 
ingrowth. These implants do not use any type of adhesive to secure the implant component to the 
bone and solely depend on the bone ingrowth to provide a secure and stable attachment. This is 
the preferred approach to be used on all healthy patients with sufficient bone growth. Due to the 
current manual surgical tools available to the surgeon, the bone-implant interface on a standard 
knee implant is designed with straight, flat surfaces (see figure 1.) [6]. 

Data provided by American Academy of Orthopaedic Surgeons, Dept. of Research and Scientific Affairs 
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Figure 1. Computer models of a human distal femur prepared for implantation and a generic femoral implant 
component. 

The geometry limitations cause areas with increased pressure and areas with decreased 
pressure, which causes bone remodeling and finally loosening of the implant components. To 
further increase the problems, all humans are different, and standard implants only come in 5-7 
sizes with generic shapes. The longevity of the implant is highly dependent on the initial fit and 
how well it resembles the natural shape of the joint [7]. Hip and knee implants have had the same 
basic design for several decades, which have been limited by the hand tools available to the 
surgeons. The manual saws and drills can only produce straight cuts and holes, and the precision 
is highly dependent on the surgeon's skill. Recently, two robotic surgical systems have been 
commercialized that can perform the cutting and drilling operations with far better precision 
using end mills as actuators [8, 9, 10]. A robot also has the ability to easily machine freeform 
surfaces, which eliminates the previous design restrictions on implant components. 

The articulating surfaces of a knee implant have a generic shape that might change the 
gait for many patients. These have been well-known problems for a long time, and in the '70s, 
several attempts were made to develop custom-sized implants that would fit better. However, the 
fabrication technologies available at that time made it prohibitively expensive to produce custom 
parts. The custom sized implants were based on radiographs, which was a fairly inaccurate 
method due to the 2-dimensional limitations. Most modem orthopedic implants are manufactured 
through investment casting, which is an excellent fabrication technology that provides high 
precision parts with good surface finish. Unfortunately it is expensive in small quantities. SoUd 
freeform fabrication (SFF) technologies have enabled manufacturers to produce small quantities 
through investment casting at a reasonable price, opening up new possibilities for custom design 
and fabrication of orthopedic implants. 

Recent advancements in medical imaging and image processing have enabled custom 
design of biomedical implants based on patient specific Computed Tomography (CT) data 
[11,12]. The CT data is edited, and an accurate 3D-model of the joint is created and exported as 
an stl-file. A different software is used to convert the stl-file into a CAD-model that can be used 
as the base for the custom designed implant components. Several SFF-technologies can be used 
to produce a master pattern for investment casting, but producing a finished implant component 
is still time consuming and labor intensive. With the introduction of the Electron Beam Melting 
(EBM) machine by Arcam (Sweden), a new possibility for fabrication of custom implant 
components has become available. Initially, the EBM technology was only available with tool 
steel, which is not a biocompatible material. In theory, the EBM machine can process most 
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materials that are electrically conductive, and a collaborative effort between North Carolina State 
University and Arcam AB was initiated to develop titanium for the EBM process. 

To enable clinical testing of the custom designed implants, an animal study is the first 
step, and collaboration between the Industrial Engineering Department and the Veterinary 
School at NCSU was initiated [13]. Surgeons at the veterinary school have developed generic hip 
implants for canines that are currently being implanted on a weekly basis. At this time, no 
commercial knee implants for canines are available due to the number of sizes that would be 
needed to accommodate most patients. However, the demand is present. The idea of custom 
designing and fabricating knee implant components for canines became an interesting solution 
for the veterinary surgeons at the same time as it would serve as a clinical trial, for humans. A 
CT-scan of a potential patient was acquired, and a custom femoral component was designed in 
collaboration with the orthopedic surgeons. Both the articulating surface and the bone-implant 
interface surface were custom designed based on the CT-data. 

This paper describes the development of the titanium powder for the EBM process as 
well as the initial fabrication of the first custom implant components. The traditional investment 
casting process of implant components is compared to the EBM fabrication. 

Figure 2. Computer models of a custom designed implant component for a canine stifle joint. 

Material and Methods 

As a first step to enable direct fabrication of custom designed orthopedic implants using 
the Electron Beam Melting technology, the process parameters for titanium (Ti6A14V) were 
developed. North Carolina State University partnered with Arcam AB in the development, which 
took place at Arcam's facility in Molndal, Sweden. Both Ti6A14V and pure titanium are 
commonly used for biomedical implants. Pure Ti is softer and less suitable for high impact 
applications. The first challenge was to find a supplier that offers a Ti powder with the right 
composition and particle size, which cannot be disclosed at this time. The particle size is very 
important for the final resuU and affects the flow of the powder and the meh pool behavior. For 
each new material, a long list of processing parameters must be developed through 
experimentation. The initial parameters are calculated based on material dependent factors such 
as melting temperature and flow characteristics. Each parameter is optimized through an iterative 
process based on testing and evaluation. To further complicate matters, the process parameters 
are geometry dependent as well and require a vast amount of testing to fully develop. At the 
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present time, parameters for many types of geometries have been developed and successfully 
fabricated, however no custom designed implant component has been fabricated in titanium. The 
processing parameters and the powder composition for the Ti6A14V is proprietary and cannot be 
disclosed at this moment but the processed material properties are reported in the next section. 

Figure 3. Chess piece built of Ti6A14V in the EBM S12 

The Electron Beam Melting process is powder based, and the excess powder supports the 
structure during the build phase. It does not eliminate the need for support structure, however. 
The parts are built on a substrate, and the part and start plate are kept at an elevated temperature 
throughout the build to minimize residual stresses. When the build is completed, the part and 
substrate will cool down and a shrinkage of 1.4 % for tool steel will take place that has been 
compensated for through the software prior to the build. The part tends to shrink towards the 
center causing a curling or bending motion of the edges. To prevent distortion, support structure 
is used to secure the part to the substrate and to secure overhanging structures to the underlying 
structure. The orientation of a part is very important considering the amount of support structure 
needed and the surface finish of the final part. On thin features with down facing surfaces, 
"icicles" can form that will affect the surface finish and complicate the finishing of the part. At 
the present time, no automatic support generation for the EBM process is available. If Magics 
from Materialize is used to generate support, substantial editing is needed since excessive 
support is generated. For this project, the implant component was oriented on its side, and 
support structure was manually created directly in SolidWorks. When building parts with very 
thin cross sections, it is difficult to effectively transmit enough heat through the part to keep the 
elevated temperature without over melting the powder. To solve this problem, a "dummy" 
structure was added as an artificial means to impart more heat to each. In this case, a large 
diameter cylinder was added to increase the total melting area for each layer. 

Figure 4. Computer model showing the implant with support and heat sink 
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As a time and cost comparison, a canine stifle joint component was fabricated using the 
Electron Beam Melting machine and was compared with traditional investment casting using an 
RP-pattem as a master. It was decided to use an SLA-190 to fabricate the master pattern to be 
used for the investment casting process and a QuickCast model of the implant was produced. 
Due to the small and thin geometry of the canine femoral component, it was difficult to drain the 
resin from the model leaving an almost solid RP-pattem. Several attempts of reorienting the 
component and creating drain and vent holes still did not deliver a hollow structure sufficient for 
the QuickCast process. To complete the investment casting process, an RTV-mold was created 
using the SLA-pattem and a wax pattern was cast. 

pl li^»''"^!w' k nm 
Figure 5. RTV mold with SLA RP-master (L) and resulting wax pattern (R) 

The wax pattern was attached to a wax sprue and placed in an investment-casting flask. Quikvest 
was used as the ceramic media and poured around the wax pattern. The flask was placed in a 
convection oven to remove moisture and later fired in a high temperature furnace according to 
the manufacturer's recommendation. For this comparison, aluminum was used for the casting. 

Results 

The material properties of the EBM processed titanium powder are very similar to 
conventionally processed titanium. The processed titanium is fully dense and is biocompatible in 
accordance with FDA regulations. The Ti6A14V parts fabricated in the EBM process feature 
good machinability and can be machined as stock Ti6A14V parts. Pure titanium is under 
development but the material properties are not publishable at this time. The chemical 
composition of the EBM processed Ti6A14V is as follows: 

Element                 Weight- % 
Nitrogen (N) 0.01 
Oxygen (0) 0.19 
Aluminum (Al) 6.2 
Vanadium (V) 4.5 
Iron (Fe) 0.45 
Nickel (Ni) 0.037 
Chromium (Cr) 0.03 
Sulphur (S) <0.01 
Manganese (Mn) 0.04 
Tin (Sn) 1.3 
Zirconium (Zr) <0.02 

Table 1. Typical chemical composition of EBM processed Ti6A14V (Source: Arcam Ti6A14V Data Sheet) 
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The mechanical properties of the EBM processed Ti6A14V are as follows: 

Property 
Hardness HRc 30-35 HRc 
Tensile Strength, Rm 930 MPa 

135 000 psi 
Yield Strength, Rpo.2 880 MPa 

120 000 psi 
Elongation 10% 

Table 2. Mechanical properties of Ti6A14V (Source: Arcam Ti6A14V Data Sheet) 

At the time of writing this paper, the processing parameters for the Ti6A14V were not 
fully developed for thin walled structures like the stifle joint component. As a proof of concept, 
the custom designed stifle joint implant was fabricated on the EBM machine using the 
commercially available tool steel HI3. The total building time for the implant was 5 hours. After 
the part had cooled down to room temperature, the support structure was removed using a rotary 
cutting tool and the articulating surface was polished to a mirror finish. The total finishing time 
was approximately 2 hours, which would be similar if it had been fabricated out of titanium. The 
total setup time for the EBM machine was approximately 2 hours and the implant was left to 
cool down over night. 

Figure 6. Custom designed knee implant processed on EBM S12 

The investment-cast implant took considerably longer time to complete with many more 
steps. The total time for the investment cast implant from stl-file to finished product was 78 
hours compared to 25 hours for the EBM process. A considerable amount of time was spent 
waiting for the RTV mold to cure as well as drying the investment. A total time of 11 hours of 
labor was spent on the investment cast version compared to 7.25 hours for the EBM version. The 
total machine time for the EBM machine is 8.25 hours as compared to 8.5 for the SLA machine. 
The hourly rate for an EBM machine is slightly higher than a modem SLA machine, but the 
investment cast version requires additional equipment such as a convection oven, a fiirnace for 
firing the investment, as well as melting the metal, and additional tools needed for the mixing of 
investment and RTV rubber. 
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Investment Casting Hours EBM Hours 
Start with STL Start with STL 
Prepare SLA Build File 1 Prepare EBM Build File 1.5 
Startup SLA 0.5 Startup EBM Machine 2 
SLA build time 8 Draw Vacuum 0.75 
Clean and postcure 3.5 Heat Start Plate 0.5 
Sand SLA pattern 0.5 EBM Build Time 5 
Prepare to Pour Silicone 1 Cool down 12 
Silicone Cure time 24 Remove sintered powder 0.25 
Finish silicone mold 0.5 
Wax casting 1 
Build wax tree 0.5 
Mix and pour investment 0.5 
Dry investment 24 
Fire investment 10 
Pour metal 0.25 
Cool down 1 
Cut off tree 0.25 Cut supports/ remove start plate 1 
Clean/Polish 1.5 Clean/Polish 2 
Total 78 Total 25 

Table 3. Time comparison between investment casting and EBM processing of custom designed implant 

Discussion and Conclusions 

It is the authors' opinion that the EBM technology can successfully be used to fabricate 
custom designed implants for knees, hips, elbows, shoulders, fingers, and bone plates in 
titanium. Even though the initial results appear promising, additional material development will 
be necessary to optimize the processing parameters for Ti6A14V and Ti. There are differences 
between processing steel and titanium using the EBM technology. The build time for titanium is 
approximately half of that for steel, however the cool down must take place under vacuum inside 
the build chamber. There are other potential advantages with using the EBM technology to 
fabricate custom designed orthopedic implants that can not be achieved through traditional 
processes such as investment casting. In the case of a knee implant component, it is desired to 
have a very hard and smooth surface finish on all articulating surfaces and a soft and porous 
bone-implant interface. To achieve this through investment casting, a porous coating is applied 
to the bone-implant interface surface through a sintering process. Similar coatings are applied to 
hip, elbow, and shoulder implants to promote the bone ingrowth in selected areas. The Electron 
Beam Melting technology has the prospect of fabricating parts with functional gradient 
microstructures, which would be very usefiil for orthopedic implants. This would allow for the 
porous surfaces to be directly designed into the components. Further, the EBM technology lends 
itself to deposit multiple materials that is of highest interest to the orthopedic implant industry as 
well. Often orthopedic implant components are made out of several materials to achieve the 
desired properties. Modular hip implant systems are often combined out of both titanium and 
cobalt-chromium components. 
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DIRECT LASER SINTERING OF CERAMICS 

F. Klocke, C. Ader 
Fraunhofer Institute for Production Technology IPT, Aachen, Germany 

Abstract 

For more than one decade layer manufacturing technologies assist the development of new 
products. Due to a layer-wise build-up of a three-dimensional geometry, nearly every 
complex design is producible in a short period of time. Selective Laser Sintering is a powder- 
based technique to produce plastic prototypes (Rapid Prototyping) or metal mould inserts 
(Rapid Tooling). The laser sintering of ceramic powder is not yet commercialized but 
apphcations could be both Rapid Prototyping and Rapid TooUng. The former involves the 
laser sintering of investment casting shells and cores to cast metal prototypes and the latter the 
laser sintering of ceramic master patterns for metal spray forming of steel mould inserts. The 
advantage compared to actual processes are a faster availability of the final product. To 
facilitate these applications, special ceramic powders as well as new process parameter 
combinations were investigated. This paper will present achieved results within the above- 
described apphcations. 

Introduction 

Steadily decreasing product life cycles make it ever more important to reduce the 
development time for new products. Time-to-market instead of development costs has 
become the key factor for a products success. New methods from the organizational 
(Simukaneous Engineering) and the operative point of view have been developed [1]. 

At the end of a product development, technical prototypes which closely resemble the 
final product are demanded. Viable solutions for plastic components have been around for 
years, but the prototyping of metal components has often thought to be too time-consuming, 
and has been unable to meet comparable specifications. The fast production of metal 
prototypes still remains a central concern in the area of layer manufacturing technologies [2]. 

Within the sphere of direct manufacture of metal prototypes, a few technologies such 
as 3D Printing or laser sintering are akeady commerciaUzed. Since laser sintered or 3D 
printed metal prototypes contain low meking alloys, the mechanical properties are hmited. 

The indirect manufacture of metal prototypes provides two different approaches either 
the direct Rapid Toohng where mould inserts instead of prototypes are layer-manufactured or 
the combination of Rapid Prototyping techniques and casting processes (indkect Rapid 
Toohng). The direct Rapid TooHng is utilized if higher quantities of prototypes are necessary. 
To date, this apphcation achieves good resuUs for plastic injection molding. Examinations and 
case studies of Magnesium and Aluminum die casting or thixo casting are carried out at 
several research institutes [2, 3, 4]. 
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, If smaller amounts of metallic prototypes are required the combination of rapid 
techniques and casting processes such as investment casting is used. Virtually, all metals may 
be cast and thin walls or small details are readily reproduced because the metal is poured into 
a closed hot shell. With actual Rapid Prototyping techniques the manufacturing time for the 
necessary master pattern is minimized but the time-consuming slurrying, sanding and drying 
of the samples is not eliminated. 

Ceramic Laser Sintering 

The laser sintering of ceramic materials is comparable to plastic or metal laser sintering 
whereas ceramic laser sintering is a transient liquid-phase sintering. With regard to the 
process, the combination of layer thickness, laser power, scan velocity, hatch spacing and 
scanning vector length has to be adjusted to the ceramic powder, Fig. 1. 

Names 
d„ nominal layer thickness 
d(j overcure 
d, layer sintering depth 
h, line/hatch spacing 
lb sintering width 
I, scanning vector length 
I, line sintering depth 
V, scanning speed 

Fig. 1: Process parameters of ceramic laser sintering 

The investigations on ceramic laser sintering at Fraunhofer IPT started on a laser 
sintering system with up to 100 W of laser power (CO2). From initial tests with different 
ceramic powders such as aluminum oxide, aluminum silicate or zirconium silicate, the 
zirconium silicate powder (ZrSi04) was found the most suitable to process [5]. Today, a 
200 W laser sintering system is used. 

The basic research with zirconium silicate was carried out with ground powder. Several 
grain size distributions like 125 mesh, DIN 70 and 325 mesh and mixtures of these powders 
were tested. The result was that a high portion of small grains not only improves the surface 
quality but also improves the sintering itself since smaller particles need less energy to melt 
than larger particles. In contrast, an increased amount of small grains increases agglomeration 
so that an automatic recoating with a uniform surface was not possible. Dedusting and 
fractionating of the powder solved these problems. Today, the use of granular powder is 
preferred: due to the spherical surfaces a recoating with small granules is possible. 

To determine the influence of process parameters on laser sintering each parameter has to 
be varied on its own. An increase in laser power PL leads to an increase in the density of the 
specimen, since more energy is delivered into the powder and larger melt pools fill up the 
porous structures of previous layers. However, surface roughness also increases because the 
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molten particles tend to form larger spherical structures due to their effort to reduce the free 
enthalpy by optimizing the ratio between the area of free surfaces and the related volume. 

Increasing the scan speed vs has the opposite effect: due to higher velocity of the laser 
focus, less energy is delivered into the powder bed and less material is sintered. The result is 
that the density decreases but the surface finish improves. 

A variation of hatch spacing hs leads to different effects: if hatch spacings are too small, 
the molten powder particles form larger beads of high density leading to an overall high 
density of the part, yet the surface roughness also increases. For a hatch spacing larger than 
the focal diameter, the molten beads of material from line to line are not connected to each 
other and the gaps are filled with unsintered powder, resulting in a rough surface and low 
density respectively low strength. 

A reduction of layer thickness dn allows a faster scan velocity because the necessary 
sintering depth to ensure a fiision to the previous layer is reduced. Additionally, a smaller 
layer thickness increases the dimensional accuracy of the laser sintered part since the step 
effect is minimized. The thickness is limited by the grain size of the powder. Actually, the 
smallest layer is 50 |im. 

Of all the parameter combinations that lead to a stable sintering process, the maximum 
density achieved was approx. 50 % of theoretical density so that two direct applications arise: 
the laser sintering of casting components and the laser sintering of master patterns for metal 
spraying. 

Investment Casting Application 

The conventional investment casting process begins with the fabrication of wax patterns 
with the same basic geometrical shape as the finished cast part. These master patterns are 
normally made by injection molding. Once a wax pattern is produced, it is assembled with 
other wax components to form a metal delivery system, called the gate and runner system. 
The entire wax assembly is then dipped in a ceramic slurry, covered with sand and allowed to 
dry. The dipping, sanding and drying process is repeated until a shell of approx. 6 mm to 
8 mm is applied. These process steps generally require several days. Once the ceramic shell is 
finished, the entire assembly is placed in a steam autoclave to remove the wax. Finally, the 
mould is preheated to a specific temperature and filled with molten metal, creating the metal 
casting [6]. 

The major impact Rapid Prototyping processes have had on investment casting is their 
ability to make master patterns without the cost and lead times associated with fabricating 
injection molds. Fig. 2. 
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Conventional investment casting 

Pattern making Slurring, sanding & drying of slieli   casting   finishing 

Conventional investment casting using RP master patterns 

pattern  Slurring, sanding & drying of shell    casting  finishing time savings 
making 

Investment casting using laser sintered shells 

Shell making   casting  finishing time savings 
bySLS 

Fig. 2: Comparison of investment casting processes 

A direct generation of casting shells without the need of master patterns could have the 
highest time savings because the iterative process steps of slurrying, sanding and drying of 
master patterns are eliminated. But since complete shells are generated the running systems 
and risers have to be designed and incorporated within the part geometry. A cavity is 
generated within the complete system with an external off-set of 6 mm to 8 nmi 
(corresponding to the wall thickness of the shell). 

Before casting, the loose powder in the shell has to be removed and the shell cleaned. As 
usual, the laser sintered shell is preheated in an oven directly before casting. Fig. 3 and Fig. 4 
show some examples of metal prototypes cast in laser sintered shells: 

Fig. 3: Impeller wheel cast in AlSi7 

450 



Fig. 4: Whirl chamber of a diesel engine cast in X15CrNiSi25 20 

The processing time for three casting shells of the impeller wheel respectively four shells 
of the whirl chamber in parallel was only 10 hours, each. The dimensional accuracy of the 
cast prototypes is approx. +/- 0.6 % which is typical for investment casting. The surface 
roughness of cast prototypes is worse (Ra ~ 12 |jm) compared to conventional investment 
casting (Ra < 6.3 |am) so that a mechanical finishing/pohshing may be necessary. 

Another problem of laser sintered shells is the lacking possibility to examine the quahty 
of inner surfaces and contours before casting with the exception of Computer Tomography 
(CT) or endoscopy. 

A comparable apphcation of ceramic laser sintering is the use for investment casting 
cores. They are necessary for conventional investment casting if the metal part has complex 
inner geometries. Today, the core production is expensive and/or time-consuming since a 
metal pressing die or a mold for shp casting is needed. Thus, they are mostly used for mass 
production runs and not for prototyping. The production by laser sintering could be a fast and 
favorable way especially for prototypes, single part productions or small batches. A typical 
core geometry is shown in Fig. 5: 

Fig. 5: Laser sintered water jacket core of a single cylinder (ZrSi04) 
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Since the laser sintering parameters are not changeable to ensure the tightness of cores, 
the surface quaUty is still bad. But a dipping of the laser sintered core into a ceramic slurry 
increases the surface quality (Ra ~ 4.0 |am) so that laser sintered cores are also usable for 
production runs, Fig. 6. 

Fig. 6: Cast part split in two with an inner contour made by a laser sintered core 

Spray Metal Tooling Application 

Metal spraying belongs to the indirect Rapid Tooling where a master pattern is produced 
by Rapid Prototyping techniques. Afterwards, a metal alloy is sprayed onto the surface. 
Finally, the master pattern is destroyed, the mold insert is trimmed to the desired dimension 
and attached to the mother mold. 

This process is well-known for low-melting alloys (e.g. Kirksite or Zamac) which are 
sprayed onto a plastic master pattern. Compared to conventional mould making, prototype 
moulds could be available in better time. In 1999, Ford Motor Company licensed this 
technology for carbon steel [3, 7]. 

Due to the high temperatures involved, ceramic master patterns are necessary in order to 
be able to spray steel. The requirements on ceramic materials for steel spraying are [7, 8]: 

1. A low coefficient of thermal expansion, 

2. A high thermal shock resistance, 

3. A good compatibility to sprayed carbon steel and 

4. A fast processing with laser sintering. 

Ceramic powders like silicon oxide, silicon carbide, aluminum titanate and zirconium 
silicate are compatible with these four requirements. Fig. 7. 
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Fig. 7: Sample parts (from upper left to lower right: SiOa, ZrSi04, Al2Ti05 and SiC) 

While the laser sintering of silicon oxide led to an inaccuracy of the master pattern due to 
sporadic delamination the silicon carbide respectively aluminum titanate patterns were to 
fragile to handle. An infiltration with epoxy increased the strength but then the ceramic 
pattern were not removable by sand blasting so that zirconium silicate was used for practical 
tests [8]. 

The following picture shows four laser sintered master patterns of a sheet metal forming 
die, Fig. 8. The segments were produced on a laser sintering system with a maximum laser 
power of 200 W and a maximum work area of 250 mm by 250 mm (~ 9.8" by 9.8"). 

Fig. 8: Laser sintered ceramic master patterns 
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To prevent a relative movement of the segments during spraying, tongues and grooves 
were designed. The base of each segment was approx. 245 mm by 245 mm. The average 
manufacturing time for each segment was approx. 30 hours. Without tongues and grooves the 
manufacture would be reduced by 50 %. After laser sintering the segments were compared 
with the 3D-CAD data. The average dimensional accuracy was better than 0.2 mm, a very 
good result and acceptable for sheet metal forming. 

Figure 9 illustrates the sprayed steel mold. The average surface roughness (Ra) was 
approx. 17 pm which is high compared to milled surfaces. In addition, cross lines due to the 
fitting of the four segments were visible so that a post-machining and polishing would be 
necessary. 

Fig. 8: Sprayed carbon steel mold 

The surface quality could be improved by painting the surface with a ceramic slurry 
similar to the one used to produce investment casting cores. The post processing would be 
minimized thereby. This could form the subject of the next investigation leading to a faster 
production of steel molds. 

Conclusion and Outlook 

It has been shown that ceramic laser sintering is a promising method of producing metal 
prototypes or moulds very rapidly. The examples shown illustrate that both ferrous and non- 
ferrous alloys can be successfully cast using laser sintered shells. The dimensional accuracy 
of the metal prototypes compare favorably with conventional cast parts. 

The advantages of laser sintered investment casting cores are that they are usable for complex 
prototypes as well as for single part productions since a slurrying increases the surface 
quality. A quality analysis could be done directly after laser sintering and not after casting. 
Finally, laser sintered cores are easier to remove after casting than conventional cores. 
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The use for spray metal tooling of stamping dies or sheet metal forming moulds is only 
limited by the present work area of laser sintering systems. A segmentation of large moulds is 
possible but the dimensional accuracy could be affected. 

Future research on laser sintering will focus on the investigation and assessment of further 
ceramic powders including aluminum oxide, zirconium oxide or silicon nitride with particular 
reference to medical and technical applications. 
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Abstract 

Conventional ceramic manufacture processes are not feasible to make ceramic parts with 

complex shape because of restrictions such as high tooling cost, time consuming and skillful 

workmanship. A new facility taking advantage of patented Ceramic Laser Fusion (CLF) 

technology to fabricate complex ceramic parts automatically is developed. According to the 

samples made by CLF machine, they are verified that hollow and over hung structures can be 

supported by solid green portion and complex ceramic parts can be fabricated. Apparently, this 

facility could promote the applications of ceramic materials, such as direct fabrication of ceramic 

shell mold. 

Keywords: Ceramic Laser Fusion, Rapid Prototyping, Green Parts, Ceramic Shell Mold 

1.    Introduction 

There are many restrictions on conventional ceramic manufacture processes, which are not 

feasible to make ceramic parts with complex shape such as turbine propeller and fan blade. 

Most of manufacture process are inevitable to use tooling which needs rather high cost and time 

for R&D. Traditionally, ceramic parts are sintered from green parts. Most of green parts are 

formed by powder pressing which is difficult to make complex parts. 

Rapid prototyping technology makes use of layer manufacturing process. The most 

important advantages are there is no dead zone in working area and almost no any restrictions on 

shapes. No doubt, it provides a considerably satisfied method for ceramic parts manufacture. 

Using welding technology, complex polymer or metal parts can be fabricated by connecting some 

simple parts. In addition, they also can be made by NC machining. For the time being, ceramic is 

still difficult to be welded or machined. For the point view of shape making, the features of rapid 

prototyping are more sensible on ceramic than polymer and metal. 
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Over decades, there are some ceramic processes and systems available in different 

applications such as direct shell production casting (DSPC) and selective laser sintering (SLS) 

which had applied to mixture of polymer and ceramic powder. Recently, ceramic without 

binder using selective laser sintering to fabricate shell mold was developed by Wirtz [1]. To 

prevent from agglomeration, the layer thickness should not be thinner than 50 // m (Wirtz, 2000). 

Instead of powder. Tang employed ceramic slurry to develop ceramic laser fusion (CLF) 

process[2,3]. This process not only eliminates agglomeration, but also reduces the layer thickness. 

Slurry behaves as a highly viscous liquid so that the porosity can be reduced and some 

mechanical properties of ceramic parts can be improved (Ian Gibson, 1997)[4]. Further studying 

on control of shrinkage and accuracy is on the way, developing a reliable automatic machine is 

indispensable. 

2.    Intention and Method 

Based on Ceramic Laser Fusion, an intention of this study is designing and setting up an 

automatic facility to make ceramic parts in order to raise the processing speed and extends its 

applications. For the purpose of reaching the ends as mentioned, we have to implement material 

selection, facility automation, parts making and feasibility study of direct fabrication of ceramic 

shell mold. All subjects will be illustrated as following. 

3. The process of Ceramic Laser Fusion 

The technology of Ceramic Laser Fusion (CLF) was developed by Dr. H. H. Tang, professor 

of Manufacture Institute of Technology, Taipei University of Technology. It can fabricate ceramic 

parts with very complex shape. Owing to high heat-resist, the application of the parts made by 

this process will be extensive. 

3.1    Process Description 
Fig. 1 illustrates the process details. Special made ceramic slurry (1) supplied from feeding 

device paves a membrane (2) on platform and is heated by drying device to produce a green part 

(3). Platform descends a layer thickness (4), then laser scans selectively right away (5) to directly 

fiises membrane from green material to ceramic. Process will repeat steps from (2) to (5) until the 

3D part (6) completed. The final stages are to remove the portion (7) which is not fused by laser 

and takes out the ceramic part (8). 
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Fig. 1    CLF process 

3.2    Material Selection 
Raw materials used in this process are SiOa powder and inorganic binder. They are diluted 

by water uniformly. 
The pores among ceramic particles can be filled by inorganic binder which is also helpful to 

get rid of air in pores. Even under high temperature of fusing, the movement of ceramic particles 

will be prevented because of little amount of expanded air and binding effect of the binder. Under 

the phenomenon mentioned above, this process can use high energy leaser beam to fiise the green 

parts, ceramic particles will not be moved upon heating. After melting and solidification, particles 

will not congregate [2]. For the purpose of getting well mixed slurry in order to make green parts, 

raw materials will be blent by a blender. 

4. Design and Manufacture of an Automatic CLF Prototyping Machine 

An automatic CLF rapid prototyping machine includes a mechanical system and a control 

system. Mechanical system is comprised of a laser scanning device and a layer making device. 

The fiinction of the control system is to direct the processing sequence and monitor the whole 

process. We will discuss each system as following. 

4.1    Mechanical system 
In this study, the fimction of the laser scanning device is provided by an existing engraving 

machine, the key components, the layer making device and the control system are designed by 

our group. The function of laser scanning device is to make 2D cross-sectional hatching scanning. 

The layer making device has to execute slurry feeding, layer paving and drying, residual slurry 

clearing, and platform descending. 

4.1.1    Laser scanning device 
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The existing engraving machine is shown in Fig. 2. Owing to laser absorption rate of 

ceramic green parts is over 90%, we select CO2 laser as heating source. Vector scanning is 

implemented because of an easily creating of scanning path. Scanning speed can not be pretty 

high because of a relatively low laser power, SOW. 

Fig. 2    Engraving machine 

4.1.2    Layer making device 
Layer making device is a key technique in CLF process. It is similar to Doctor Blade in Tape 

Casting [5], paves slurry evenly on a plate and then let it dry. Fig. 3 illustrates the CLF layer 

making device which includes slurry feeding unit, layer paving unit, drying unit, clearing unit for 

residual slurry, and platform elevating unit. 

r \ 

Drying unit Paving unit 

//)IU\ 

Elevating unit 

I/,- 

Clearing unit Feeding unit 

Fig. 3    CLF layer making device 

4.2    Control System 
The purpose of the control system is to develop highly intelligent process equipment and to 
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achieve an automation of CLF process to reduce manufacturing time and promote the stability of 

process. Just after setting some basic process parameters by an operator and pushing the start 

button, the system will run fully automatically. Less experience and technique are required for the 

machine operator. 
Design of control system focuses on integrating all of the individual devices and writing 

man-machine interface software. For the time being, an automatic CLF rapid prototyping 

machine has been constructed and tested as well by this group. We will discuss control hardware 

and control software so-called man-machine interface. 

4.2.1    Control Hardware of CLF Rapid Prototyping Machine 
The control system of CLF rapid prototyping machine integrates the laser scanning device 

and layer making device. Using process computer and programmable logic controller (PLC) 

conducts the sequence control. Fig. 4 is the structure of control system. Process computer and 

PLC together control the activity of each device in the laser making device to manufacture green 

layer. Process computer transfers HPGL files to laser controller and path controller that control 

CO2 laser and X-Y plotter respectively. 

" ' Laser scanning device 
1 1 
1   CO. laser 1 
1 ----> 

fx-Y Plotter"! 
1 1 

Process 
computer 

1 Laser controller : 
L                              J 

1  Path controller 
1 1 

3D Model 

PLC 

Layer-making device 

1     Feeding unit     i 

Paving unit 

Drying unit       i 

1     Cleaning unit 

[    Elevating unit   i 

2D Cross 
-section 

Fig. 4    Structure of control system 

4.2.2    Man-Machine interface Programming 
Application software for CLF machine named CLF man-machine interface is developed in 

Visual Basic language. This program, which comprises of two sections - monitor and control, can 

communicate with PLC and laser scanning device. 

Monitor section traces the state of each process and indicates it in terms of color lamps. 
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"Red" represents system is under operation, "green" represents stop. Control section includes 

"Manual" and "Auto". System's default is "Manual". Under "Manual" mode, individual devices 

can be operated manually. This mode can be used for checking the functionality of the CLF 

machine. If you choice "Auto" mode, system will follow the parameters set by operator and 

program to complete all steps. 

In "Manual" mode, if one of the devices is running, other control buttons cannot be activated 

at all. If plotter is still, the laser scanning head has to be in origin and light sensor will be 

activated. The state of light sensor will indicate that plotter has left from origin or not. For the 

safety reason, whole system cannot be operated when plotter isn't in origin. 

In "Auto" mode, software will open a recording file to record information such as finished 

steps and time consuming of each layer. In case of power failure or extraordinary system stops 

during operation, operator can get details of finished steps from this file, and then operate 

manually to complete the unfinished procedures and return to "Auto" mode to continue the 

operation of following layers. 

On the right bottom of monitor displays time consuming of last layer and total time 

consumption for all layers. Some usefial information, such as current paving layer number and 2D 

file name of scanning, are shown on monitor. This information will help operator to handle the 

layer manufacturing process easily. 

5.    Parts Making 

Drawing a 3D model by PRO/ENGINEER is the first step of CLF, then using slicing 

software which is developed by our laboratory to create hatching files, they will be transferred to 

control program to drive laser scanning device in order to scan the 2D hatching selectively. Using 

the high temperature induced by focusing the laser beam fuses ceramic green part. By means of 

elevating the platform, process will repeat layer by layer. Finally, it will pile up a 3D solid 

ceramic prototj^e as our designing. 

After paving and scarming, work piece should be cleansed to remove un-fiised material in 

hollow. High pressure water spouts out from faucet or nozzle to remove most of un-fiased 

materials. However, it has to be placed into a supersonic cleaner to remove all small green 

portions which weren't cleansed by water. 

According to the experiments of feasibility, we can get better fusing result under the 

461 



condition of laser power SOW, scanning space 0.2mm, scanning speed 20 mm/s and layer 

thickness 0.15 mm. In this study, all parts and direct casting shell mold are based on these 

parameters. 

5.1    Hollow parts, fan blades and turbine propellers making 
Fig. 5 shows ceramic pump blades made by CLF process. They are 30 mm diameter/ 8 mm 

height and 15 mm diameter/ 4 mm height respectively. One of the most important features is 

there are solid supports in hollow portion so that this process can make complex ceramic parts 

with internal cavity. Un-fused materials in hollow portion can be removed easily by putting parts 

into a supersonic cleaner which fills with NaOH solution. 

Fig. 6 shows fan blade and turbine propeller made of ceramic. They certify that CLF can 

make 3D complex parts. Blade thickness is 1 mm and propeller thickness is 0.8 mm. respectively. 

Fig. 5    Pump blades made of ceramic Fig. 6    Fan blade and turbine propeller 

made of ceramic 

5.2    A study of ceramic shell mold making feasibility 
Owing to high temperature resistance and small deformation, CLF process might apply to 

direct casting mold making. In sand casting, model is used to make cavity, then the cavity 

is cast to get metal work piece. Conventionally, it has to make model in advance, sand core must 

be made for a production of internal features in hollow. This process is very complicated. Using 

CLF process, ceramic shell mold with 2 mm thickness can be made. It can be used for 

casting aluminum alloy and copper alloy to get metal work piece in a short period. 

According to the accuracy requirement, 3D model with features of gating system, which is 

designed by PRO/E, is sliced by CLF software to build hatching information for each layer, the 

462 



working procedures afterwards are similar to general part making method. 

Fig. 7 represents a direct casting shell mold made by CLF process. Before casting, we can 

use ceramic slurry to bond upper and bottom molds. Fig. 8 shows a bonded CLF direct casting 

shell mold. 
Bonded CLF direct casting shell mold have to be preheated to a temperature over 400°C to 

vaporize water in ceramic shell mold and to enhance the filling of liquid metal in mold cavity. 

Following the regular process, a metal work piece is done. The finished pure aluminum casting 

work piece is shown on Fig. 9. 

Fig. 7    A direct casting mold made by CLF       Fig. 8    A bonded CLF direct casting mold 

Using CLF facility can make complex ceramic parts. Paving and control system can fulfill 

the requirements of 3D layering. Layering process can be accomplished automatically without 

any manpower involved. 

Fig. 9    A pure aluminum casting work piece 

6. Conclusion 
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Using CLF facility can make complex ceramic parts. The mechanical and control system can 

fulfill the requirements of 3D layer manufacturing. Layer manufacturing process can be 

accomplished automatically without any manpower involved. 

It also verifies this process can provide solid supports in hollow or over hang structures. 

Complex ceramic part as turbine propeller can be made. Furthermore, CLF process is also 

feasible for making a high strength direct casting shell mold in a short period. For some small 

features and high accuracy requirements, except a proper after finishing for a smoother mold 

surface we can pave thinner layer to improve the internal surface of the mold. In this study, 

paving a green layer under 25\im is possible. Comparing to other powder ceramic processes 

which also can make direct casting molds, it is really a thinner layer. Therefore CLF process 

has an opportunity to make smoother and accurate work pieces. There are some basic 

requirements for rapid tooling process, such as smooth surface for easy part ejection and limited 

finishing operations[6]. No doubt, CLF meets those requirements and has great potential to 

compete with another ceramic processes in service of CAD to metal. 

Reference 

1. Wirtz, H.: "Selektives Lasersintem von Keramikformschalen fur Gies anwendungen", 

Dissertation, RWTH Aachen (2000). 
2. H. H. Tang. "Method for rapid forming of a ceramic work piece" U.S. patent no. 6217816B1, 

(2001) 
3. H. H. Tang, Direct laser fusing to form ceramic parts. Rapid Prototyping Journal, Vol. 8, No. 

5, pp.284-289, 2002. 
4. Ian Gibson and Dongping Shi, "Material properties and fabrication parameters in selective 

laser sintering process". Rapid Prototyping Journal, Vol. 3, No. 4, 1997, pp.129 - 136. 

5. James S. Reed, Principles of ceramics processing, New York: John Wiley & Sons. 1994, 

pp.25, pp.509, pp.514 and pp.525. 
6. Karapatis, N.R, Griethuysen, J.-RS. and Glardon, R., "Direct rapid tooling: a review of 

current research", Rapid prototyping Journal, Vol. 4, No. 2, 1998, pp. 77 - 89 

464 



Recycling of RP Models by Solution - Casting Technique 

K. Siva Prasad*, E.Rathakrishnan"^, Sanjay. G. Dhande* 

'Department of Mechanical engineering, IIT-Kanpur, India 
^Department of Aerospace Engineering, IIT-Kanpur, India 

Abstract 

Most of the Rapid Prototyping systems process polymeric materials for model making. 
Increased environmental concerns and waste minimization demands the recycle of these 
polymeric models. One way is to melt the models and cast it. However, in this method 
polymer degradation may occur leading to diminished functionality. In the present work a 
preliminary attempt has been made to reuse the polymer components by dissolving in a 
suitable solvent and casting the same into the required shape using soft tooling. Acrylonitrile 
Butadiene Styrene (ABS) polymer components, made by Fused Deposition Modeling (FDM) 
process were taken for the present study 

1.   Introduction 

Rapid Prototyping is key prototyping technology for producing accurate parts directly from 
CAD models with little need for human intervention. With the introduction of RP, designers 
have the freedom of realizing all the instances of the conceptual design. Further, this allows 
unlimited checking as required of form, fit and assembly of the design [1]. In the total 
product development cycle, there will be a lot of design iterations before the design is 
freezed. During each cycle, prototypes will be made for checking. The end products of the 
most of the RP systems are polymeric models. Plastics are so versatile in use that their impact 
on the environment is extremely wide ranging. However, they are difficult to destroy and are 
classified as non-biodegradable materials. The each design iteration will produce a prototype 
which will accumulate to significant solid waste. With increased environmental concerns, 
strict legislations with further emphasis on material recovery there is a requirement for 
recycle of RP solid waste. One way is to reuse these polymers by melting and casting the 
same to required shape through proper tooling. Polymeric materials are mostly thermo - 
dynamically incompatible. Often during recycling, a decline in the quality of the material 
properties is observed. The properties of secondary products may be worse than the 
properties of products made from virgin plastics. 

In the present work, a preliminary attempt has been made to recycle the RP polymeric 
materials. A solid based RP method FDM (Fused Deposition Modeling) was chosen for the 
present study. The basic material for the FDM is ABS (Acrylonitrile Butadiene Styrene). 
ABS is copolymer composed of two copolymers and is one of the most common polymer 
materials. Styrene and Acrylonitrile form a linear copolymer (SAN) that serves as a matrix. 
Butadiene and styrene also form a linear copolymer (BS rubber) which acts as the filler 
material. The combination of the two copolymers gives ABS an excellent combination of 
strength, rigidity and toughness. The main objective of the present work is to get a 
component from a solid waste. For this purpose ABS polymer, a used FDM (Fused 
Deposition Method) component was taken and dissolved in suitable solvent and casted 
through proper tooling. 
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2.  Methodology 
The procedure of solution-casting technique for recycle of RP polymeric waste is 

depicted in Fig. 1 and described subsequently. 

Solid RP wastage 

1' 

Solution Preparation Toluene (Solvent) 

'' 

Solution Casting Silicon Mould 

'' 

Final Product 

Fig. 1. Sequential Steps of the Proposed Methodology 

2.1 Materials 

Acrylonitrile Butadiene Styrene (Stratasys & Co, USA), Analytical grade toluene 
(Ranbaxy, India), Silicone (HEK, Germany), release agents (HEK, Germany) were used for 
the work. 

2.2 Polymer Solution Preparation 

The solubility of a given polymer in a solvent depends on the chemical structure. One 
way to measure the solubility is by finding the difference between solubility parameters of 
the polymer and solvent [2]. If the difference between these two is small, then the polymer is 
completely soluble in solvent. Solubility parameter is defined as the square root of cohesive 
energy density. The cohesive energy density is defined as the cohesive force (heat of 
vaporization) to the molar volume. The cohesive energy density as well as solubility 
parameters of various polymers and solvents are listed in the Van Krevelen [3]. For unknown 
polymers group contribution method is used. 

The first step in estimating the solubility parameter for the present specification of 
ABS is to measure the butadiene content. Butadiene is estimated by dispersed fixed quantity 
of ABS in acetone solvent and centrifuged. The supernatant contains copolymer of 
Acrylonitrile and Styrene and is decanted from the grafted phase of Butadiene. The butadiene 
content is 14% and further, it is assumed that Acrylonitrile and Styrene are present in equal 
molar ratio. Therefore, solubility parameter of ABS estimated is 17 J^'Vm'l This value is 
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compared to solubility parameters of various solvents given in the Van Kreyelen [3] and 
toluene is selected (solubility parameter 18-18.5 J^'^/m''^) as solvent. 

ABS polymer in 1:4 was added to toluene in a conical flask. The mixture was kept on 
magnetic shaker for two days to get homogenous solution. The obtained solution was 
centrifliged (REMI model -R 24) at 10000 rpm for 30 minutes for the removal of un- 
dissolved polymer and dust particles. The supernatant homogeneous solution was transferred 
to a conical flask (air tight) and kept for overnight for the removal of entrapped air bubbles. 

2.3 Silicon Mould Preparation 

The Master model is examined thoroughly for its dimensions and cleanliness. Further, 
parting line and position of the gate are decided. Clear taping along the parting line and 
coloring the edge of the tape is done to assist in cutting the mould along parting line. The 
master model is hanged in a casting frame (laminated chip board/ wooden board) whose 
dimensions allow for sufficient clearance from the model. Degasified silicon resin and 
catalyst (HEK, Germany) are mixed in proper ratio (10:1). This semi solid mixture is poured 
slowly and steadily into the casting frame. For secondary degasification, the casting frame is 
kept in vacuum chamber (10 - 25 minutes). The actual time of degasification depends on 
volume of the rubber. To get extreme dimensional accuracy in the castings, the resin mixture 
is cured in oven (40°C for 6-8 hours). The cured mould is then cut along the parting line with 
a help of sharp scalpel and mould openers. Cutting is made along imdulating path to allow for 
perfect alignment of male and female halves. 

2.4 Casting Models 

Figure 2. Silicon Mould for Cube Fig. 3 Silicon Mould for Aerofoil wing 

The prepared silicon mould is ready for casting is shovra in Figure 2 & 3 for aerofoil 
wing and cube subsequently. Release agents are applied on the cavity of the silicon mould for 
easy detachment of cast component. The mould parts are held together by proper fixturing so 
as to prevent deformation in silicon mould due to excessive swelling as toluene diffuses 
during evaporation. The solution is poured into the mould and left to cure by exposing the 
same to atmosphere 10 to 12 hours. The mould is further kept in vacuum oven for removal of 
residual solvent. 
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3. RESULTS AND DISCUSSION 

Aerofoil wing model is chosen to demonstrate the applicability of the proposed 
methodology. Aerofoil wing is a typical shape which has variation in thickness from head to 
tail. The obtained aerofoil wing model is satisfactory from the shape and smoothness point of 
view which is shown in Figure 4. However, the strength is varying from the head to tail 
because part of head is strong and part of it is hollow. This is because of improper casting and 
it can be rectified by pouring the polymer solution in regular time intervals. The main 
objective of the present work is to answer the following questions 

• How many steps it will take for complete casting? 
• Exactly, how many days it will take to complete the model? 
• What is the dimensionality of the end product? 
• What more conditions are required for the present process? 

Aerofoil model is too ambitious to answer the above questions because of its complex shape. 
So, a simple cube 5x5x5 (cm^) has been taken for experimentation. Approximately 25 
steps and 15 full days were taken to complete the component. The dimensionality is 
satisfactory and is shown Fig. 5. The present casting is carried out in atmospheric conditions. 
The silicon mould after detaching the model is thoroughly checked and there is no surface 
damage. It indicates that there will not be any severe destructive chemical reaction between 
silicon, toluene and ABS. 

4. CONCLUSIONS 

The present work is an attempt to prepare the prototype/products from the solid 
wastage of FDM (ABS) components using solution-casting method. Aerofoil wing and cube 
are chosen to demonstrate the present work. The obtained shape (dimensions) and 
smoothness is satisfactory for chosen model. However, more studies are required to 
understand the role of various properties and/or conditions required to get the final product. 
This preliminary study underlines the potential of application solution-casting technique to 
recycle of FDM (ABS) components. 
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Fig. 4. Final Aerofoil wing model Fig. 5. Final Aerofoil wing model 
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A Study on the Manufacturing of Large Size Hollow Shape Parts for Prototype-Car using 
Rapid Prototyping Technology and Vacuum Molding 

Hwa-Joon Yang, Tae-Sik Jang, Choong-Ryeol Ryu, Il-Yup Lee 
(Pilot & Proto vehicle Assembly Team, Hyundai Motor Company) 

ABSTRACT 

Rapid Prototyping(RP) techniques have revolutionized traditional manufacturing methods. 

These techniques allow the user to fabricate a part directly from a conceptual model before 

investing in production tooling and help develop new models with significant short time. This 

paper suggests the new process to manufacture large size hollow shape parts for prototype-car 

using Rapid Prototyping technology and Vacuum Molding with the reduction of deliveiy time. In 

addition, this paper introduces the dividing and combining method to make large size RP master 

model in spite of the limit of the build chamber dimensions of commercialized RP systems and 

post-processing method to achieve sufficient surface quality. 

1. INTRODUCTION 

In the development stage of new cars, prototype-cars manufactured for an aim to inspect a 

shape of design, performance, and stability generally adopt the same process of manufacturing 

parts as mass production in order to get the reliability of test results, but the modified 

manufacture methods which are different from mass production are used considering urgency of 

manufactured parts and quantity in case of manufacturing cars having unique specifications like 

RHD(Right Hand Drive) cars, shapes of parts, and needs for the early sta^-test of fiinctions 

due to the urgent change of design. In this case, it is necessary for parts manufactured by the 

changed manufacture process to have mechanical function for the whole external appearance and 

the performance of assembly such as dimensiona 1 accuracy and a reliable result. 
This paper suggests the new process to rapidly manufacture half molds for vacuum molding 

using a master model of a large size hollow shape part for prototype-car made by Rapid 

Prototyping machine, SLS(Selective Laser Sintering)['"^l'^^ , and to adhere two parts made by 

vacuum molding. In addition, this paper introduces the dividing and combining method to make 

large size RP master model despite of the limit of the build chamber dimensions of 

commercialized RP systems and post-processing method to achieve sufficient surface quality. 
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2. MAIN PROCESS 

The general method to make hollow shape parts for prototype-car is blow molding. There are 

two blow moldings which are Resin-based blow molding^''^ and ZAS(Zinc Alloy for Stamping) 

blow molding. ZAS blow molding is used in large size mass production due to the requirement of 

the same size of mold equipment and specification. Fig. 1 shows the comparison between 

suggested method and conventional method for manufacturing of large size hollow shape parts 

using ZAS blow mold. 

RP MASTER MODEL MASTER MODEL 

Manu&cturbig of the mold 
ftr Vacuum Molding 

using KP Master Model 

AID 
(Revened Mold Pattern 

for castuig) 

Vacuum Mold 
Precision Casting 

Adhesion of the separately 
Vacuum molded parts 

Machining & 
Ahrasive Process 

Blow Molding 

Fig. 1 Comparison between suggested method (a) and conventional method for manufacturing 

of large size hollow shape parts using ZAS blow mold(b) 

2.1 Manufacture of Mater Model 

2.1.1 Special features of molding parts 

A part manufactured in this paper is a Heater to Air Ventilation Duct Connector to control 

temperature and humidity of the inside car using heat and energy from an engine. It is installed 

inside an instrument panel and has a shape to avoid interference with electric wires and outer 

parts controlling equipment of sound and temperature. Fig. 2 shows a feature of heater to air 

ventilation duct connector 

2.1.2 Parting and molding of master model 

The part to mold is modeled by CATIA. The part is 1200mm long. So, it is impossible to mold 

the whole part at one time due to the chamber size of SLS machine, Sinterstation 2000. Therefore 

the method to divide the modeled shape into seven parts and adhere them is applied as shown in 

Fig. 3. 
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Fig. 2 Feature of heater to air ventilation duct connector 

Fig. 3 Feature of divided CATIA data 

The ladder-shaped structure at each divided parts is adopted to get an exact position and keep 

the adhesion strength during the process of adhering a master model. After the two mold inverted 

from the master model are manufactured, the process of removing the master model from the 

mold should be performed to make the complete mold for vacuum molding. The thickness of the 

master model is about 2mm because the method to crush the master model in the mold is used. 

The complete molded parts are adhered along the ladder-shaped structure. If the surface of this 

area is rough, it is difficult to adhere 7 parts. In case there are rough surfaces, post-processing is 

required for adhesion. Fig. 4 shows the process of adhering those parts. 

Fig. 4 Adhesion of separately built SLS subparts 
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2.1.3 Post-process of combined SLS master model 

There are two methods to improve the surface roughness of parts made by RP machine. One is 

to control building orientation and laser scan path and the other is to post-process buih parts. The 

improvement of the surface roughness using building orientation and laser scan path has 

limitations and increases building time. Therefore this paper uses the method of post-processing 

parts. 
There are two post-processing methods that are abrasion and coating. It depends on mechanical 

strength. It is difficult to use an abrasive method because the master models manufactured by 

SLS process have sufficient mechanical strength. This paper adopts a coating method to improve 

the surface roughness using resin. The used coating method has three steps. Three steps are 

demonstrated as follows; 

First, undercoat is sprayed on the master model to improve the surface roughness in short time. 

Undercoat uses urethane material, PUTTY(P000-C4125). After spraying, hardened undercoat 

material needs to sandpaper. 
Second, fine air bubbles exist due to property of spraying PUTTY and it is not easy to remove 

all the fine air bubbles. Rapidly dried RED PUTTY is covered on the area of air bubbles using 

brush and needs to sandpaper. 

Third, the surface of the master model is coated with SANDING SEALER to get sufficient 

surface roughness for tooling. Table 1 shows materials used to enhance the surface roughness 

Table 1 Materials used to enhance the surface roughness 

^^       M 

First step PUTTY(P000-C4125) 

Second step RED PUTTY(051144-05972) 

Third step SANDING SEALER 

2.2 Manufacture of Mold 

2.2.1 Selection of parting line and works 
The selection of parting line is an initial process of manufacturing mold and an important work 

for the whole mold structure, cost, delivery time, and qualities of molded parts. In this paper, the 

parting line is determined by the following rules. 

First, additional combining structures designed to assemble surrounding parts is included in the 

parting line. 
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Second, a space between a sheet and a vacuum mold in order to absorb the sheet into the 

vacuum mold using suction pressvre generated from the pump of vacuum molding machine 

should be sealed up. In case of having air-leakage shape, it is necessary to have a dam for 

protecting air- leakage in outer area of a product. 
Third, trivial undercut is negligible in selection of parting line. 

2.2.2 Manufacturing process of half mold 
A work of accumulating heat-resisting resin is carried out above a master model fixed on a base 

plate after work of parting line. The heat-resisting resin plays a role in preventing the damage of 

the mold surface at high temperature of about 150°C. Then frames for reinforcement are built and 

outer frames are installed to prevent the damage of the mold under strong suction pressure 

generated from the process of vacuum molding in Fig. 5. Resin is accumulated to support the 

strength of mold between the reinforcement frame and the outer frame. Fig. 6 shows a completely 

built mold structure and a feature. 
In order to make the second half mold, the work is carried out on base plate without separating 

the master model from already finished first half mold. The work process to manufacture the 

second half mold is equal to the process of the first half mold. When the manufacture of the 

second half mold is completed, two molds are separated and the master model stuck to the second 

half mold is crushed. 

Fig. 5 Feature of mold reinforcement structure 
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(a) 

Reinfiircement     Half Mold 

ABS Plate Strontium 

(b) 

Fig. 6 Schematic diagram of half mold for vacuum mDlding(a) and feature of the first half 

mold.(b) 

2.3 Process and condition of vacuum molding 

The first step for vacuum molding is that the mold is loaded into the vacuum mold machine. 

The contact surface between the mold and the vacuum mold machine should be completely 

airtight when the mold should be loaded into the vacuum molding. After loading the mold, a 

sheet for vacuum molding is set up into the clamp. Then the sheet is heated to get enough 

flexibility. Table 2 shows the operating conditions applied to this paper. ABS sheets are used for 

the suggested process. 
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Table 2 Operating conditions of vacuum molding with respect to materials 

Standard Condition (Thickness : t, 

Temperature: °C)  

Shrinkage 

Heating Temperature (°C) 

Heating Time (sec) 

Transfer Time (sec) 

Mold Uploading Velocity (mm/sec) 

Cooling (with fan) Time (sec) 

ABS 

2.5t/23°C 

8/1000 

250 

155 

4-5 

100 

80 

PP 

2.5t/23°C 

16/1000 

300 

180 

4-5 

100 

150 

The heated sheet is then transferred to molding area. After sheet transferred to molding area is 

fixed on clamp, the elevator uploads and the surface of mold lifts up the surface of sheet. Then 

the pumps loaded into vacuum mold machine inhale the air between the mold and the sheet. The 

sheet is cooled using a fan after inhaling the air. The completely cooled sheet is separated from 

the mold. Fig. 7 shows the whole process of vacuum molding. 

++++++ 

Mold & Sheet Clamping Sheet Heating 
Preparation 

11 
Forming EtSI!J9}<! Part 

Fig. 7 Schematic diagram of vacuum molding 

The sheet is then cut along the boundary of product-shape area and surrounding area is 

removed. The first half part and the second half part molded from vacuum molding are adhered 
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together along the parting line. Finally, a complete part is obtained. Fig. 8 shows the feature of 

manufactured part from vacuum molding. 

Fig. 8 Photo of manufactured part 

3. EXPERIMENTAL RESULTS 

3.1 Measuring error 
Fig. 9 shows the main dimensional sections to get measuring error of manufactured parts 

between the design dimensions and the molded part dimensions. Table 3 shows the design 

dimensions and the average value of sampling dimensions of vacuum mo Ided parts. SLS parts 

were manufactured considering shrinkage 0.8% of vacuum molded parts. 

1 

Fig. 9 Sample dimensions of a model 

Table 3 Design Dimension and Molded Part Dimension 

■i':■.'. 

Design Dimension 

(mm) 

Molded Part Dimension 

(mm) 
Shrinkage (ram) 

1 1298.16 1297.68 -0.48 

2 1033.88 1033.52 -0.36 

3 452.99 452.78 -0.21 

4 110.80 110.68 -0.12 

5 159.40 159.25 -0.15 

6 265.32 265.08 -0.24 
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4. CONCLUSIONS 

This paper suggests the new process to manufacture large size hollow shape parts for 

prototype-car using Rapid Prototyping technology and Vacuum Molding. In addition, this paper 

introduces the dividing and combining method to make large size RP master model despite the 

limit of the build chamber dimensions of commercialized RP systems and post-processing 

method to achieve sufficient surface quality. In order to know if the suggested process is used in 

industrial fields, the suggested process is compared with the existing process, ZAS blow molding. 

From experiment results, the suggested vacuum molding process shows that products have 

sufficient quality considering that the tolerance of large size blow molding is 1 mm 

approximately. 
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Instrumented Prototypes 

M. Shimek, K. Lappo, K. Wood, D. Bourell, and R Crawford 
Department of Mechanical Engineering 
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Abstract 

Full scale prototyping can be expensive and time consuming. Virtual prototypes 
reduce costs and time but often cannot be relied on for fiiU scale production. 
Instrumented SFF prototypes update virtual prototypes, reducing cycle times and costs 
for lull scale production. Both single and multi-layer access, two different methods for 
embedding sensors, are investigated at the University of Texas at Austin. Sensors are 
first embedded in a simulated SLS process to determine if embedding off the shelf 
sensors is feasible. Foil strain gages are then embedded into cantilever beams using 
multi-layer techniques. Both foil strain gages and bead type thermocouples are also 
embedded using single layer techniques. The results of the single layer tests will be used 
to construct a proof of-concept prototype for single layer embedding. 

Introduction 

The field of prototyping is under scrutiny at the present time. Making a full scale 
prototype is very expensive and often too time consuming to justify. Many engineers are 
turning to virtual prototyping with the recent increase in computing power. A problem 
arises because virtual prototyping methods often do not provide engineers with sufficient 
data to proceed with fiill scale production. The goal of this research is to develop 
methods of creating instrumented prototypes, using Solid Freeform Fabrication 
techniques, which can update the virtual prototypes. Sensor arrays within instrumented 
prototypes measure the raw data necessary to update virtual prototypes. Empirical 
similitude techniques are then used to transform the data for application. Accurate and 
updated virtual prototypes will allow engineers to proceed to full scale production, 
reducing cycle times and costs. 

The goal of this research is to develop a method for embedding sensors while a 
part is being built. Accomplishing this goal requires no human intervention. However, 
developing an automated system requires human intervention in order to work around the 
existing Sinterstation''''^ procedures. The end result will be a proof of concept prototype 
for embedding sensors within a single layer, without human intervention. 

There are two primary concerns when creating instrumented prototypes. The data 
collected must be transformed into usable data for the fiiU scale part. This data must first 
be collected from sensors at the locations of interest however. Methods for embedding 
sensors at these locations of interest are being investigated at The University of Texas at 
Austin. 
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General Embedding 

Sensors suitable for the embedding process must be identified before proceeding. 
This research focuses on the Selective Laser Sintering process. Sensors must therefore 
meet temperature and size constraints or work around them somehow. The environment 
inside the SLS chamber is heated to just below the melting temperature (Tm) of the 
material being used. A laser then provides the energy required to locally melt the powder, 
solidifying the two dimensional computer model cross-section and fusing it to the 
previous layer. Resolution is maximized by minimizing layer thickness within thermal 
property allowances. The size of layers can also be a condition for sensor selection. 

Operating temperature is the primary constraint for selecting an appropriate 
sensor. Duraform GF (glass filled) is a composite, used in the SLS process, with the 
highest Tm of all the polymer based materials used. It has a melting temperature of 
185°C [1]. Sensors are selected which can withstand the temperatures for all the 
polymers with Duraform GF being the upper bound. Sensors are exposed to these 
temperatures for extended periods of time. A sensor that can merely survive these 
temperatures will possibly degrade with prolonged exposure. Therefore, sensors with 
operating temperature ranges encompassing these high temperatures are chosen. 

Sensor size is the next concern for embedding sensors. Sensor size will determine 
the method for embedding sensors. There are two possibilities for embedding off the 
shelf sensors; single and multi-layer access. Single layer access refers to embedding 
sensors inside one layer of a Solid Ireeform Fabrication process. Multi-layer access 
means embedding sensors which are thicker than one layer of the process being used. 
Both methods have advantages and disadvantages. Smaller sensors will be more fagile 
and expensive but will be less intrusive to the SLS process. Larger sensors will be more 
robust but require significant alteration of the SLS process. Both methods are 
investigated but it must first be determined if the concept of embedded sensors is feasible. 

A simulated SLS process is used to test the feasibility of embedding off the shelf 
sensors into SLS parts. A survey of available sensors shows bead type thermocouples to 
be the preferred sensor for the feasibility study. Time constraints Kquire the use of a 
mold instead of a layer based process. Using a kitchen oven heats all the powder at the 
same time, fusing the entire part as opposed to layer by layer. The mold is made of 
aluminum, which can withstand the heat of the process. Aluminum is also chosen for its 
machinability. The shape of the final product is chosen as a cylinder to facilitate ease of 
sensor placement and recording temperature data. [2] 

Using a simple cylinder allows the temperature data to be used for a one 
dimensional, steady state heat conduction analysis. The temperature distribution profile 
for extended surfaces can follow one of four analytical models, depending on conditions 
at the end (tip). The first case involves convection heat transfer at the tip. The second 
assumes adiabatic conditions at the tip. Case three keeps the tip at a constant temperature. 
Case four assumes infinite length. Infinite fin length assumptions become valid for this 
material and shape (polycarbonate cylinder) at lengths over 28.3mm (1.11m).   The test 
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samples were 72mm (2.83in), validating this assumption. The infinite length assumption 
provides an exponential temperature distribution. 

where [4] 

Variable h is coefficient of convection; P is perimeter; k is conduction coefficient; and 
A^ is cross-sectional area. The curve fitted results fi-om testing were compared to the 

analytical curve. 

The analytical model is constructed using data from the testing procedure. The 
variables used are: 

7;=165''C 

/ m K 
P = 0.0345/n 
4=0.000095^' 

As mentioned earlier, the analytical model is created with the infinite fin length 
assumption. Figure 1 shows the experimental results with the theoretical plotted as a 
solid line. This plot summarizes the data from nine test samples. 
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Figure 1. Theoretical and experimental data for 1-D heating [2] 
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These experiments show general embedding to be valid. Embedding sensors in 
actual SLS parts is the next step. Two methods for accomplishing this are being 
investigated, multi-layer access and single layer access. Each method has advantages and 
disadvantages. The larger sensors used in multi-layer access are typically more durable 
and robust. However, their larger size does not allow collection of accurate point data. 
Smaller sensors are able to provide more accurate point data but are typically more 
fragile. Single layer access also requires sensors to be embedded during the build cycle. 
This places an additional constraint on sensors due to temperature requirements. Sensors 
must be able to survive the elevated temperatures experienced during the SLS build cycle. 

Multi-Layer Access 

Strain gages are embedded into SLS prototypes using multi-layer methods. 
Cantilever beams are made with cavities inside them for embedding strain gages post 
build. Strain gages are embedded into the cavity which is then filled with epoxy. 
Experiments are conducted to determine appropriate cavities and epoxies for embedding 
multi-layer sensors [3]. 

The first experiment uses a cantilever beam with a large cavity, illustrated in 
figure 2, accessible from the top of the beam. This possibility allows easy access for the 
installation of the sensor, adhesive, and epoxy. The cantilever beam is placed in a setup 
with a static load of 2.2 pounds [3]. Results from the embedded strain gage are compared 
to data from a finite element model. Data from the sfrain gage, when compared to the 
stress contours from the FEM, show this method to be feasible. However, better ways of 
filling the cavity to more accurately simulate a fully dense structure are investigated. 

Cavity for sensor 

Figure 2. method #1 for multi-lajer access [3] 

The second test uses a similar concept to the first one. However, the size of the 
cavity is reduced in order to reduce its influence on the stiffiiess of the beam. The beam 
for the second test is dimensionally very close to method #1, the only difference being the 
cavity size. Figure 3 shows an illustration of this beam. The reduced cavity size makes 
gage placement nr»re difficult due to reduced access. Prototype 2 is also compared to a 
finite element model with promising results.   The FEM shows the measured value of 
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33psi to be very close to a beam with no cavity [3]. This shows prototype 2 to give better 
data than the first method but sensor placement is far more difficult. 

Figure 3. Method #2 for multi-layer access [3] 

Prototype 3 uses the same concept as prototype 2 but adds one key feature. 
Accurate mounting of the sensor is difficult with method #2 due to the small clearance of 
the cavity. A mold or base is made for the sensor as shown in Figure 4. The sensor is 
mounted on the mold and both are inserted into the cavity. The results of testing this 
method show 27 psi, similar to results for prototype 2. This method provides good 
results and is much easier than method #2. 

Mold 

Figure 4. Method #3 for multi-layer access 

Experimental Set Up 

Single layer access is pursued with two off-the-shelf sensors in mind, bead 
thermocouples and foil strain gages. Embedded thermocouples are to be evaluated using 
a 1-D heating model as in previous tests. Strain gages embedded with single layer access 
are to be tested on an instron, tension testing machine. Results fi-om the strain gages will 
be compared to extensometer results. 

Thermocouples 

K type thermocouples with bead diameters of 0.003 inches are used based on 
recommendations from previous work and investigation p]. These thermocouples are 
chosen for their temperature characteristics as well as there size. Operating temperatures 
of these gages are well above the temperature of the process chamber during a build. The 
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sensors might be directly exposed to the laser but it only raises the temperature of the 
powder a few degrees and the powder has higher absorbtivity than the sensors. Therefore 
detailed tests are not conducted to verify the temperature of the thermocouples is not 
raised above the operating temperature. 

Embedding tests are conducted to verify the validity of data collected from 
embedded thermocouples and to uncover issues in the embedding process itself Three 
small cylinders are created in a prototype SLS machine using Duraform™, a nylon based 
powder. This machine is often used for research purposes due to its simplicity. Initially, 
the surface of a freshly sintered part is presumed tacky enough for the sensor to adhere to 
the part directly after laser scanning. The surface of the freshly sintered cylinder is found 
to be solidified. Next, the sensor is put in place after a layer of fresh powder is deposited 
but before the laser begins scanning. Sensor and plastic powder are both scanned by the 
laser, making the plastic temporarily molten. The sensor is fused to the part, effectively 
gluing it in place. 

Strain Gages 

Embedding strain gages is an important goal of this research. Foil strain gages 
are chosen because of cost reasons. They are cheaper than other strain gage options, fiber 
optic strain gages for example. However, embedding strain gages into SLS parts is more 
challenging than embedding thermocouples. Strain gages are physically larger than 
thermocouples. Accuracy of strain gages relies on good axial alignment, adding a third 
degree of freedom to sensor placement; X and Y placement plus rotation in the XY plane. 
They are also more sensitive to the high temperatures of the SLS process, due in large 
part to their backing naterial. These gages are generally adhered to the surface of a 
structure to measure the strain. An embedded sensor will provide data that is more point 
specific and will possibly eliminate the need for adhesive. 

Experimental Procedure 

Thermocouples 

A couple of unforeseen problems are observed while placing the thermocouples. 
Lead wire management presents a large problem. Long wires become tangled in the 
roller of the SLS machine, requiring short lead wires. Shortened lead wires prevent 
tangling but new issues arise. Roller movement over the part bends the wires back and 
forth raising concerns of fatigue. Placing the sensor and lead wires flat on the surface of 
the part also presents major concerns. Two sensors are placed adequately on the part 
surfaces. A third placement results in one lead wire protruding above the layer with solid 
plastic, linking it to the part below. This results in part shift, an unsuccessfiil build. The 
remaining two cylinders are completed successfiilly and tests are performed to check the 
data from the thermocouple. 
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Having completed the first step of the feasibiHty study, successfiilly embedding 
thermocouples, data must be collected and compared to expected results. Figure 5 shows 
the setup for obtaining the necessary data. 

All thermocouples 
are K-type 

Figure 5. Set up for heating verification 

A reading of the temperature is taken at the heating surface by a thermocouple secured to 
the heating surface. A wand type thermocouple measures the T^ for the cylinder. The 
embedded thermocouple then measures the temperature inside the cylinder during steady 
state conditions. An expected temperature is calculated analytically using a ID heating 
model, similar to the one used for testing general embedding: 

T{x)-T^={T^-TJe-'^ 

where 

m =. 
\hP 

\kA, 

[4] 

Variable h represents convection coefficient; P is perimeter; k is conduction; and ^^is 
cross sectional area. The values for this model match the physical characteristics of the 
specimen tested. 
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Strain Gages 

Initial experiments are conducted with demo sensors in order to develop the 
technique for embedment. These demo sensors consist of brass rectangles matching the 
dimensions of the gages to be used. Wires are soldered to the base of the rectangle in 
order to simulate the lead wires of the sensor. The solder beads are made as small as 
possible to minimize the thickness of the simulated sensor. Figure 6 is an illustration of 
the demo sensors. 

0.002" 

0.013" 

Figure 6. Sketch of demo sensors 

Two experiments are conducted to hone the technique for embedding strain gages. 
The strain gages will be used in dog-bone structures so strain can be measured with an 
extensometer and compared to data from the strain gage. The dog-bones are built as two 
separate pieces. The bottom half contains a small cavity so the powder roller does not 
affect sensor placement. The top half is a solid dog-bone shape. Figure 7 is an exploded 
view of this technique. These tests are given a rating from 1-10 to indicate how well the 
method works. 10 meaning the method works perfectly; 1 meaning the method does not 
work at all. 

Figure 7. Exploded view of build technique 

The first test involves embedding one demo sensor. The goal of this experiment 
is to identify any major problems with the embedding technique. The bottom half was 
constructed using general practices for CastForm™. However, the Sinterstation™ is not 
allowed to perform the cool down cycle typically performed with CastForm™. The 
machine is stopped and opened after the bottom half is finished but before a new layer of 
powder can be deposited. Excess powder needs to be removed from the cavity before 
sensor placement.     A vacuum cleaner is used to suck away the excess powder. 
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Unfortunately, the vacuum sucks the entire part away from the part-bed. The part is 
replaced and the experiment continues. Lead wires from the "sensor" are gently pushed 
into the powder to prevent shifting caused by "sensor" and/or lead wires. Voids in the 
powder caused by "sensor" placement and vacuum shifting are filled by powder needed 
to cover part. The first few layers are not covered by needed powder. However, "sensor" 
and lead wires did not cause shifting. This build is stopped before completion. 
Inspection of part shows weak bonding but bonding is achieved. This is important 
because the use of adhesive is undesirable. The voids caused by the vacuum mishap and 
the disassembled dog-bone sample are shown in figures 8 and 9. This test is given an 
overall rating of five. Problems are exhibited but embedding does seem possible based 
on this test. The "sensor" shows some adhesion to the part and problems such as shifting 
and incomplete layer deposition are attributable to embedding technique. 

Figure 8. Vacuum mishap Figure 9. Disassembled sample 1 

Valuable lessons are learned from the initial test and implemented on the second 
test. Two samples are constructed in order to identify the effect of part/sensor orientation 
on embedding. Figure 10 is a photograph of the part orientation. Both parts protrude 
beyond the recommended build circle so warping and/or delamination is expected. 
Solder faces up on both sanples. A soft bristled paint brush is used to sweep away 
excess powder once the bottom is completed. Lead wires are bent downward at the part's 
edge and the "sensors" are angled for the roller to encounter the downward edge first. 
Both methods are emplojed to prevent part shifting. The "sensors" are placed without 
incident but voids in the powder caused during placement result in incomplete layer 
deposition. The build is paused and the powder feed distance is briefly increased. The 
remainder of the build occurs uneventfully. 
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• 

Figure 10. Part orientation 

Post-build inspection reveals the appearance of proper embedding. The parallel 
part exhibits some shifting which is largely attributed to warping. Both parts also exhibit 
minor delamination due to extension beyond the recommended build circle, see figure 11. 
Although shifting in the parallel part is largely attributed to warping, the perpendicular 
part does not exhibit any shifting. This build is given an overall rating of eight. Results 
are promising to the point where real sensors are attempted next. The next experiment 
uses the actual sensors in two perpendicular parts. The strain gages are embedded with 
both; solder up and solder down. 

Recommended 
build circle 

Figure 11. Build two layout 
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Results 

Thermocouples 

Following the procedure listed above, samples are placed in the illustrated set up 
to collect data for a steady state 1-D heating model. The variables used for the model are 
listed below: 

h = sw/, 
/ m 

^ = 0.025%^ 

P = 0.040w 
4=1.267x10-"^ 

'm'K 

Using these values 
w=251.3 

The infinite fm length assumption is 
valid for mL »1 
mL = 251.3(0.075w) = 18.8 

Infinite fin length assumption is used 

The model predicts a temperature of 31°C. 30°C is recorded during the experiment. The 
error is less than three percent which validates embedding thermocouples during the build 
process. A sample is machined to show the embedded thermocouple. Figure 12 shows 
both a photograph and x-ray of the sample. One wire seems to kink and cross the other in 
the x-ray but the second wire can barely be seen in the photograph. This indicates that 
the second wire is at a different Z height. Duraform™ is an insulator so a short circuit is 
avoided. However, this reemphasizes the importance of keeping the lead wires separate. 
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Strain Gages 

Figure 12. X-ray and photograph of embedding sample 

Build three is very different due the use of actual strain gages. This build uses no 
adhesive as do the other experiments. Using no adhesive simplifies the design of an 
embedding system. The absence of adhesive allows an automated system to omit the 
process of applying it, thus reducing and simplifying the operations required from an 
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automated system.  The sensors are placed with the solder facing up and down.  This is 
done in order to evaluate the effect of solder orientation. 

Observations are made as the experiment is conducted. One sensor breaks during 
handling and prior to embedment. This occurrence illustrates the fragility encountered 
with smaller sensors. The sensor lead wires prove to be very difficult to shape before 
embedding. The material and thickness of the lead wires make their stiffness such that 
the wires are resistant to shaping for embedding. A lead wire fixture is used in pre- 
shaping the lead wires. The sensors are difficult to fit into the fixtures and do not stay in 
the shape dictated by the fixture. The powder feed distance is increased for the first 
layers of the second half build. Voids created during sensor placement are filled by the 
increased feed distance. Sensors are also angled toward the roller so it encounters the 
downward side of the sensor as it spreads a new layer. The strain gages are not rolled flat 
after the first layer of powder deposifion due to the stiffness of the lead wires. Several 
layers of powder are needed to fully cover the strain gages. The strain gages are not 
embedded within a single layer. This build is given an overall rating of two. Single layer 
access proves unmanageable with foil strain gages. The geometry of the demo sensors 
matches the actual strain gages but the lead wires prove to be very different. Foil strain 
gage embedding is no longer pursued with this research at present due to the stiffiiess 
encountered with the real lead wires. 

Future work 

A proof of concept prototype is under construction that embeds bead type ^jf^ 
thermocouples during the build process. The prototype embeds the thermocouple without 
human intervention into the build chamber. It is able to withstand the environment inside 
the Sinterstation™. It is able to separate and lay flat the sensor lead wires and interact 
with the existing systems of the Sinterstation™. It can be retrofitted to a current device 
and is removable to facilitate easy powder addition/removal. This is an initial step 
towards realizing instrumented prototypes. 
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Abstract 
The combination of nanoporous optical thin films prepared by the sol-gel 
process with direct-write capabilities has been an area of interest over the past 
decade. Recent advancements in both fields suggest the possibility of 
fabricating novel components for rapid prototyping purposes. This paper 
presents the work in progress done over the past year, initially aimed at process 
characterization. Standard silicate sol-gels were synthesized and deposited by 
spin coating on silicon wafers. Further post processing was done prior to laser 
densification with a CO2 laser. 

1.   Introduction 

The recent increase in demand for information bandwidth has created the need for improving 
current technologies for data, voice and video transmission. New technologies have emerged 
addressing different aspects of networking, such as transmission protocols, communication 
devices, and manufacturing methods of these devices. Transmission through optical tibers plays 
a fundamental role in the current and future infrastructure [1]. 

The current bottleneck in transmitting data optically does not lie in the long lengths of cabling 
required over large distances, but rather in delivering higher bandwidths to the end users in what 
has recently been named as ultra-high capacity optical networks. Two areas that address these 
needs include function integration in optoelectronic components and advanced materials, 
respectively. The combination of advanced materials derived from sol-gels with direct-write 
technologies, has the potential of addressing these initiatives. As documented in recent NSF and 
DARPA workshops, a critical area of research is the "Direct Writing" of components for 
industries such as telecommunications. Direct-write technologies are manufacturing processes 
characterized by the use of computer-generated patterns and shapes for direct fabrication without 
part-specific tooling. They represent a set of emerging technologies, competing with more 
conventional fabrication techniques primarily in the microelectronics field and lie at the forefront 
in research and development as alternatives of current photoresist technologies [2,3,4]. 

Sol-gel processing allows the creation of high optical-quality films and monoliths through the 
strict control of processing parameters (concentration, pH, temperature, humidity) in 
combination with high-purity sol-gel precursors [5]. This approach has received great attention 
because of the possibility of low processing temperatures and standard atmospheric conditions, 
and its ability to produce highly pure materials directly from their synthesis. Likewise, laser 
scanning has the ability to selectively achieve high-density levels of sol-gels comparable to 
vapor deposition and melting [6,7]. A direct relation exists between a sol-gel's density and index 
of refraction [8], hence the ability to control the index of refraction through density changes 
based on laser power control is an area of keen interest. 
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In this paper we report the work in progress done over the past year towards the development 
of a novel manufacturing process for the direct write of optical components, combining the 
advantages of controlled laser densification with sol-gel coating. The paper is organized as 
follows. First we present a description of the experimental procedures that were followed for 
preparation of the sol-gels, their deposition and heat treatment, followed by laser scanning. The 
following section presents the results and discussion in each of these areas. 

2.   Experimental Procedure 

In this section we outline the experimental procedures that were followed, starting from the 
preparation of the sol-gel solution, the deposition of the solution by spin coating, the process for 
heat-treating the film, and the final laser densification step. Figure 1 illustrates in general the 
experimental procedure that was followed. 

Mixture 
preparation 

Sol-gel 
Deposition 

Pre- 
densification 

Laser 
densification 

Sample 
evaluation 

- Solvent 
- Precursor 
- Water 
- Catalyst 

- Tube furnace 
orRTP 

- RH < 30% 
] - Spin Coating 

Figure 1. Outline of the experimental process 

-NMR   ■ 
-FTIR 
- Ellipaometry 
-etc. 

2.1     Sol-Gel Preparation 
The sol-gel process consists, in general, in the hydrolysis of a precursor, in this case an 

alkoxide, in the presence of a catalyst (acid or base), and followed by condensation and poly- 
condensation reactions to form particulate or polymeric structures [5]. The solutions synthesized 
were based on well know purely inorganic silica-based systems [5,9,10,11]. 

For the preparation of the purely inorganic Si-based sol we used tetraethyl orthosilicate 
(TEOS) as the sol-gel precursor, ethanol as a solvent, de-ionized water, and hydrochloric acid as 
catalyst. A number of mixtures were prepared and are indicated in the ternary diagram of Figure 
2(a), which is based on [5]. The preparation procedure, based on [9,10], consisted of a two-step 
hydrolysis process, followed by refluxing of the solution for 60 minutes at 60-65°C. 

TEDS 
1.0. 0 

Viscosity           | 

Molar fraction (%) Density 
(g/cm") 

Kinematic 

(cSt) 

Dynamic 

(cP) Mixt. TEOS H2O EtOH R R* 

7 19.60 21.00 59.40 1.07 3.03 0.928 2.826 2.622 

15 18.00 18.00 64.00 1.00 3.56 0.931 2.082 1.939 

16 18.00 22.00 60.00 1.22 3.33 0.951 2.250 2.140 

17 22.00 22.00 54.00 1.00 2.45 0.937 2.028 1.900 

18 18.00 28.00 54.00 1.56 3.00 0.956 3.107 2.970 

19 10.90 55.70 32.80 5.11 3.01 0.980 4.921 4.821 

1.0   0.9   0.8    0.7   0.6   0.,^    0.4   0.3    0.2   0.1 
EtOH 

(a) Ternary diagram TEOS-EtOH-HiO (b) Composition of mixtures 

Figure 2, Molar ratios of various experiments 
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2.2 Deposition of Thin Films by Spin Coating 
The films were spin coated on two types of substrates: Si (100) wafers, and borosilicate glass 

slides. Surface preparation is critical for successfiil deposition of the films. To achieve this, the 
substrates were cleaned with trichloroethylene, then rinsed with acetone, isopropyl alcohol, and 
de-ionized water using an ultrasonic bath. After this, the substrates were dried and stored in a 
drying cabinet, prior to deposition by spin coating. 

The spin coating was carried out at various spinning velocities for various duration times 
under N2 and standard air using a single-wafer spin processor. The spin-coating profiles 
consisted in an acceleration step, deposition of 20 \i\ of filtered solution, acceleration to desired 
speed, and finally a dwell period for solvent evaporation. Typical deposition velocities ranged 
from 2000 up to 5000 rpm, while the complete process time ranged from 40-60 sec. 

2.3 Heat Treatment 
Following the deposition step a consolidation or sintering step is required because of the 

highly porous nature of the as-spinned films. During sintering, an increase in density occurs due 
to further solvent and water evaporation (chemisorbed and physisorbed). So the initial chemistry 
and the desired final physical properties dictate the sintering or heat treatment temperature. The 
design of an appropriate heat treatment process represents a crucial step and a common 
roadblock for the achievement of films with thickness compatible with standard single-mode 
fiber optics. For this reason we devoted a substantial amount of time experimenting with various 
heating profiles, atmospheres, and processing equipment. A good understanding of the evolution 
of the psychochemical properties after the heat treatment step is required to characterize and 
ultimately control the process. With this in mind, we performed a series of experiments that 
involved the drying and densification of the films that would provide evidence and insight. The 
main issues explored were the relationship between heating temperature and thickness or index 
of refraction, and the effects of the drying step on the final structural composition of the film. 

The films were heat-treated using a hot plate (120-200°C), a horizontal tube fiimace 
(200-8 80°C), and an experimental vertical furnace (400-900°C) developed in our lab for rapid 
thermal annealing; all of them having controlled environment capabilities. Various dwell times 
and heating rates under He or O2 gas flow were implemented. 

2.4 Film Characterization: Techniques 
For sample evaluation, process characterization, and process optimization, we used a number 

of standard techniques, which are described below. 

For the analysis of the sol-gel solutions we used Nuclear Magnetic Resonance (NMR) 
spectroscopy for structure analysis. The viscosity was measured 24 hrs after preparation, with a 
Cannon-Frenske kinematic viscometer. Multiple-Angle EUipsometry carried out in air was used 
for measurement of thickness and index of refraction. Fourier Transform Infrared Spectroscopy 
(FTIR) was used for evaluation of the molecular structure of the deposited films for various 
concentrations and heat treatment procedures. Atomic force microscopy (AFM) was employed 
to measure surface roughness and observe film morphology. 
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Figure 3. Schematic of optical setup for laser densification. 

2.5    Laser Densification 

Laser densification was performed with a CO2 laser (A,=10.6|im), with maximum power of 50 
W, beam diameter at exit of cavity of 3.5mm, and a spot size at the working surface of ~80|xm. 
The control of laser power is performed by a pulse-width modulation (PWM) scheme. Both 
software and hardware versions were implemented, being the latest the most consistent one. 
Figure 3 shows a schematic of the optical assembly. A galvanometer-mirror assembly, which 
was controlled by a PC, deflected the beam onto the working surface, following the desired 
geometry. The position of the beam and the laser power were controlled simultaneously by a 
single graphical interface programmed in Lab VIEW. The laser power was varied from 0.5-4.0 
W, while scanning speeds from 0.486-2.429 cm/s, with a spot size of -SO^im (1/e^). The 
purpose of the initial experimentation was to find an appropriate operating window for laser 
power and scan speed that would produce smooth tracks in a controllable marmer. 

3.   Results and Discussion 

3.1    Effects of Composition on Structure, Physicochemical Properties and Morphology 
Optical waveguides require a high degree of purity (typically <1 ppb of metallic compounds) 

and property uniformity, in combination with the desired index of refraction. For this reason, the 
election of both the sol-gel type and the synthesis procedure will dictate how well these 
requirements can be fulfilled. As mentioned before, we began by synthesizing a purely inorganic 
silicate sol-gel, which has been well documented in the literature [5, 9,10,11,12]. For this study, 
we made a number of sol-gel solutions, exploring various regions in the ternary diagram TEOS- 
H20-EtOH (Figure 2a). The compositions and properties of typical sol-gel solutions are given in 
the table of Fig. 2(b). The molar ratios between water to alkoxide, R, and solvent to alkoxide, 
R*; are defined as: i?=[H20]/[TE0S] and i?*=[EtOH]/[TEOS]. Different lines of constant R and 
R* are indicated in the ternary diagram of Figure 2(a). 

Si-NMR spectroscopy has been extensively employed to investigate the polymerization 
kinetics in the sol-gel process [5,13]. The NMR results of the typical sol-gel solutions are shovm 
in Fig. 4. Fig. 4(a) shows a broad profile with no detectable peaks, which can be associated to a 
high degree of polymerization, as in a three-dimensional network structure. On the other hand, 
the spectrum from Fig. 4(b) with sharp peaks can be interpreted as a structure poorly branched., 
where the solutions presented low viscosity, and resulting in films prone to cracking. 
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Figure 4. Typical plots from NMR and FTIR spectroscopy. 

The water content on the sol affects greatly the structure and optical characteristics of the 
spin-coated films [15]. In particular, the index of refraction depends strongly on the water 
content remaining in the films. Therefore, we also evaluated the effects of the molar ratio R on 
the thickness and index of refraction. The combination of i? = 2 and R* = 4, produced //= 652 
nm and n= 1.4134; while for i? = 5 and R* = 4, we observed a substantial increase of both 
properties to //= 905 nm and n = 1.4401. Although this is in agreement with the work done by 
Fardad [15], films with high R values cracked during sintering at temperatures above 400°C. 

The morphology of the spin-coated films is influenced by both the composition of the solution 
and the spin-coating conditions. Solutions with high branching and mid- to high viscosity (-2.4 
cP), produced smooth surfaces with an Ra on the order of 10 nm. On the other hand, less 
branched solutions produced cloudy and inhomogeneous films, with a higher tendency to crack. 

3.2    Deposition of Single Layer Films 
After studying the effects of the mixture composition, we explored the various processing 

parameters involved in the deposition of films, in this case by spin coating. Our goal was to 
characterize the process in order to control it and achieve repeatability. The homogeneity and 
thickness uniformity of spin-coated films strongly depend on the spin-coating speed and time, 
and also on the viscosity of the sol-gel solution, as observed from the following equation [16]: 

900 

800 

400 

( 1 

VPt^ 
N. I |1\ 

1.45 

1.42  I 

1.40 

2000        3000        4000        5000 

Spin coating velocity (rpm) 

(a) effect of spinning velocity 

12 3 4 5 

Sample number 

(b) variability between samples 

12 3 4 

Spin coating velocity (rpm) 

(c) variability within a sample 

Figure 5. Various factors that affect the spin coating of films. 
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where Co is the solids concentration, ti the dynamic viscosity, e the evaporation rate (assumed 
constant), © the angular velocity, and p the initial density. 

Viscosity plays a fundamental role for proper deposition by spin coating. In our study me 
were able to verify this (see Fig. 2b). For viscosities greater than 2.5 cP we found good 
spinnability and repeatability. Although for a viscosity of 4.8 cP, cracking of the film took place 
during the heat treatment process, induced mainly by thermal stress effects. Viscosity in a sol- 
gel solution depends on many factors, and changes over time, reaching a maximum during 
gelation [5]. In our study we found that increasing the water content, for example at R values 
greater than 4, caused the viscosity of the sol-gel solutions to increase (see Fig. 2b). On the other 
hand, we found that too great of a water content was detrimental for further post processing, 
during heat treatment or subsequent layer deposition. We found that a spinning velocity of 4000 
rpm, in combination with i?=3 or 4 and R*^2 produced consistent results. Further control of film 
thickness and index of refraction can be done by addition of solvent, in this case EtOH. 

;■■■•■ ., ■ .■■?.   ■■•",v.-..fW'*.       .   •*"..■•**'' 
■■"■■ ■■ ',■■■ ,f*- ■- ■M"'"*#"'^ "-;■ ■'-■'•   "'   ■"■^s";- 

(a) highly porous film - as-spinned (b) smooth and uniform film - heat treated 

Figure 6. SEM pictures of porous and sintered films. 

For process design, we were interested in studying the effects of spinning velocity, together 
with variability between samples and within a single sample. Figure 5(a) shows the effect of 
spinning velocity on the thickness and index of refraction of the as-spin-coated film. The 
thickness decreases with increasing spinning velocity. On the other hand, the index of refraction 
slightly increases with a spinning velocity of 4000 rpm. This result was in accordance to the 
equation proposed by Syms and Holmes [17], which states: t/ = ^co"^; where k and y are 
constants. Figure 5(b) shows an example of variability in thickness and index of refraction of 
samples coated with the same solution. The differences in thickness and index of refraction 
among the samples are about 20nm and 0.02, respectively, although the index of refraction is 
affected by the thickness. Figure 5(b) shows an example of unevenness in thickness and index of 
refraction in the same sample. The differences in thickness and index of refraction were 
observed to be in the order of 10 |j,m and 0.013, respectively. 

3.3    Heat Treatment of Films 
As mentioned above, the design of an appropriate heat treatment process is crucial for the 

fabrication of uniform crack-free films. This can be observed by comparing Figures 6(a) and (b). 
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where the highly porous nature of the as-spinned films is evident, while almost completely 
disappearing at high processing temperatures (~800°C). To determine the heat treatment profile, 
the TGA analysis was carried out (plot not shown). The change in weight took place at two 
stages: below 500 K and over 500 K. During the first stage, the rapid decrease in weight is 
mainly attributed to the evaporation of water and the volatilization of remaining ethanol. In the 
second stage, the gradual weight reduction is attributed to the combustion of organic compounds 
[14]. This result suggests sintering followed by viscous flow of the SiOi structure. 

Further more, we studied the influence of a drying step at low temperature prior to baking at 
higher temperatures. This drying step was performed in a hot plate under He or O2, with a 
temperature of 150°C for 15 minutes. After this, the samples were heated at a rate of 4°C/min 
until a certain temperature Tmax, and held there for 20 min under O2. Table 1 shows the various 
conditions, together with the values for thickness and index of refraction. FTIR transmission 
spectroscopy was employed to compare these samples, and the results are presented in Figure 7. 
From these plots we can make the following observations. The drying in O2 results in no C-H 
bonds (ethyl group), which are found in the range of 1400-800 cm"', while on the rest of the 
samples they are still present. In samples heated at 400°C there is a broad band around 3400 
cm"' corresponding to 0-H stretching in H2O, which is evidence of remaining H2O in the film. 
This shoulder almost completely disappears for samples heated at 880°C. This is desired for 
optical communications, since hydroxyl groups are generally associated with attenuation loss. In 
sample 4, it is also observed that there is no presence of SiCeHs, appearing around 667 cm" . Si- 
OH bonds are absent in samples heated to 880°C, irrespective of whether the sample was dried in 
O2 or He. Peaks for the Si-O-Si bending mode appear at higher wavenumbers for samples 
heated at higher temperatures, which has been correlated to stress relief phenomena [18]. 

Table 1. Experimental conditions for studying the effects of a drying step. 

Sample •I drying 

(°C) 
Drying 

Atmosphere T^axCC) 
Baking 

Atmosphere 
Thickness 

(nm) 
Index of 

refraction 
1 150 He 400 O2 646.82 1.3920 
2 150 He 880 O2 495.34 1.4013 
3 150 O2 400 O2 482.15 1.3899 
4 150 O2 880 O2 495.09 1.4064 
5 None None 400 O2 522.90 1.3933 
6 None None 880 O2 500.00 1.4000 

3.4    Laser Densiflcation 
In the case of sol-gel Si02 thin films on Si wafers, CO2 laser is not absorbed well because of 

the small thickness of the films and the low absorption of Si at this wavelength. For this reason 
we changed the substrate to borosilicate glass slides. A continuous wave (CW) mode was used 
for the laser densification of the sol-gel films. We observed that it is critical to maintain a 
constant power within <5% in oder to obtain a continuous track at low energy densities. In many 
cases we observed a high degrees of cracking, perhaps caused by the uneven heating and cooling 
experienced by the film. 
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Figure 7. FTIR transmittance plot: influence of drying step. 

Figures 8(a) and (b) show the changes in shape of the tracks with continuous laser power at 
the process time of 1.40 s and 0.65 s, respectively. In both cases, continuous tracks were 
obtained, but the track is smooth only at 0.93 W. Thus the morphology of the surface of the 
tracks is greatly affected by the laser power. In the case of the Si02 thin films on borosilicate 
glass, it is important for the laser power to keep less than 0.93 W to fabricate the continuous 
smooth tracks. For the CW mode, we observed a linear increase in the track width with 
increased laser power. Different scanning speeds produced a change in these slopes. As 
described above, since the range of laser power, in which the smooth tracks can be fabricated, is 
less than 0.93 W, it is necessary to examine the relation between the width and the laser power to 
control the width of waveguides accurately. 

Figure 8(c) and (d) show SEM images of laser-densified tracks. Higher power and slower 
scanning speeds produced many defects, such as holes and bumps on the track. This 
phenomenon suggests that a closer examination of the heat-treatment process of deposited films 
is required to fabricate smooth convex-type tracks. For the energy density levels in our 
experiments, we observed concave tracks. This was the case for 0.93 W and a scanning speed of 
1.458 cm/s. Defects such as bumps were still observed on both sides of the track, while the 
depth of the track was in the order of 10 nm. For these tracks the surface was very smooth, 
although the presence of cracks was observed at the boundary between the matrix and the heat- 
affected zone. 
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Figure 8. Images of laser densifled sol-gel films. 

4.   Conclusions and Future Work 

In this study we systematically investigated the materials design of sol-gel silica solutions, the 
fabrication conditions for the deposition of homogeneous thin films, and some initial 
experimentation with laser densification by a CO2 laser. From our studies we concluded the 
following: 
(1) For the successful deposition of purely inorganic silicate sol-gel by spin coating, the molar 

concentration of compounds plays a fundamental role since only a narrow combination of 
them can be applied. Specifically, the molar ratio of water to alkoxide precursor, R, has a 
strong effect in viscosity and structure. 

(2) It was found that the uniformity of the spin-coated film strongly depends on the viscosity of 
the sol-gel solutions. The suitable film can be fabricated at the viscosity of more than 2.5 cP, 
but in the case of 4.8 cP, the cracking of the film took place by heating because of thermal 
stress. Viscosity also greatly affects the final thickness of the films. 

(3) The heat treatment temperature strongly affects not only the thickness of the films but also 
their morphology and characteristics. The thickness of the films decreases with increasing 
heat treatment temperature, on the other hand, the index of refraction increases. 

(4) The sol-gel films with high index of refraction could be fabricated by examining the contents 
of sol-gel solutions, the spin-coating conditions and the heat-treatment conditions in detail. 

(5) The drying of the film at low temperature under oxygen, prior to sintering or laser 
densification, helps reduce undesired chemisorbed and physisorbed water and solvent from 
the film. Further analysis of this hypothesis is required, by measuring the attenuation loss in 
the films. 

(6) We found that a small operating window between laser power and scanning speed exists for 
the fabrication of uniform and smooth tracks with a CW CO2 laser. Further investigation is 
still required. A laser with smaller wavelength might help produce better results. 
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Abstract 

Both the current long-term telecommunication trends toward optical networking and the 
recent growth in information bandwidth have pushed the necessity for improved optical 
communications. Our fabrication approach, which leverages our expertise in solid 
freeform fabrication in conjunction with sol-gel technology, has advantages over these 
other methods because of the inherent benefits of using a direct-write philosophy, such as 
design flexibility and minimal post-processing. However, fabrication of such novel 
optical components requires extensive knowledge of their light guidance capabilities. 
This paper will show the technical issues involved in both modeling and characterizing 
small optical components fabricated by locally densifying sol-gels in a modified direct- 
write process. 

I. Introduction 
The use of sol-gel technology with direct-write manufacturing techniques facilitates the 

construction of integrated optical devices, including three-dimensional communication devices 
with low-losses and increased functionality. Sol-gels are created in a low-temperature process 
that utilizes a colloidal silica suspension to create a porous silicate gel of high purity. The 
introduction of dopants in the sol-gel alters the resulting silica structure and thus be used to 
produce glasses with novel optical properties (Pierre, 1998). The sol-gel process has inherent 
advantages over other small-scale fabrication methods since it is a low temperature process and 
the resulting materials are both homogenous and of high purity. 

Direct-write manufacturing techniques for fabrication of micro-scale optical components 
involves focusing of a laser onto the desired workpiece and writing a desired pattern or shape by 
moving either the beam itself or by moving the workpiece via a high-precision multi- 
dimensional stage (Hansen, 2002). The chief advantages of this process over traditional 
lithographic techniques such as CVD are that the direct write process does not require the use of 
masks or caustic etchants. Additionally, in the direct write process parts are made directly from 
CAD files, eliminating the needed for tooling changes and thus increasing the flexibility of the 
process. 

Using these direct-write techniques with sol-gel technology enables the fabrication of 
novel optical waveguides. Laser interaction with porous silica structures results in a localized 
change in the refractive index of the sol-gel, which can then be used to guide light. Additionally, 
the use of lasers in the process allows for the creation of waveguides with novel shapes such as 
unique curves and bends, and even, the creation of a truly three-dimensional waveguide. The 
main benefits with sol-gel are its inherent low-cost, flexibility to design and material changes 
(e.g. use of dopants), and unlimited geometry. 

Fabrication of such a device requires extensive knowledge of both manufacturing 
techniques and light guidance capabilities. Extensive modeling and testing is therefore necessary 
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in order to fully realize and utilize the properties and benefits from the direct-write 
manufacturing technique. This paper discusses efforts completed in the last year at both the 
modeling and experimental characterization of a sol-gel waveguide manufactured using direct- 
write techniques. The organization of the paper is as follows. First, we present an overview of 
the manufacturing process. Next, we discuss applicable thin-film characterization techniques and 
associated efforts to realize characterization. This is followed by a section presenting a 
description of the modeling efforts to date. The final section presents preliminary results and is 
concluded with a discussion including future work. 

II. Process Overview 
The manufacturing process is comprised of four main steps: the sol-gel is first prepared; 

the sol is deposited onto a substrate using standard spin-coating techniques; the wafer and sol-gel 
is heat treated; and finally a path is locally densified with a laser. In general, sol-gel processes 
take advantage of the hydrolysis of a precursor (in the presence of a catalyst), followed by 
condensation and poly-condensation reactions to form particulate and polymeric structures 
(Ruizpalacios, 2003). 

As mentioned above, the second step in the process is the deposition of the sol-gel onto a 
substrate - either silicon wafers 1 or borosilicate glass slides. This is accomplished using standard 
spin-coating techniques. Spin coating allows for quick depositions in a controlled environment 
with layer thickness and uniformity controlled by process variables, such as differential velocity 
profiles and deposition times. Deposition film thicknesses are typically between 300 and 600 nm. 
After successful deposition has occurred, the wafer is pre-sintered. Appropriate heat treatment 
represents one of most crucial steps in the process. Heat treatment reduces film stresses which 
lead to cracking and it increases the global index of refraction, as sol-gel density and index of 
refraction are directly related (Hench, 1998). 

The final step in the process is laser densification using direct-write techniques. The 
sample is first mounted on a two-dimensional stage with a resolution of 0.5 microns. A SOW CO2 
laser with an operating wavelength of 10.6 microns and a spot size of approximately 80 microns 
is used for densification. Using a moving test bed allows us to systematically characterize both 
the laser power and scan speed, both of which are crucial in locally increasing the index of 
refraction without ablating the sol-gel film. Additionally, precise control of the laser's power and 
duty cycle allows for specific geometries and patterns to be written onto the film. Once laser 
densification has been completed, the sample is then tested for its light guidance properties. 

III. Waveguide Characterization 
To determine the exact properties of the individual waveguides created, and thus evaluate 

their future potential as light guidance devices, the waveguides must be fiiUy characterized. 
Specifically, characterization refers to measurements of both the index of refraction and the 
index profile in the guided region, film thickness and attenuation of the laser-densified sol-gel 
films. All global index of refraction measurements, such as index of the film (before laser- 
densification), are measured with ellipsometry techniques. A two-prism coupler method is used 

' To guide light with pure silicon wafers, an oxide buffer layer must exit between the film and the wafer. This is 
primarily because pure silicon has an index of reiraction much greater than the film. 
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to determine the index of refraction and film thickness characteristics. Both a three-prism coupler 
technique and an end-fire method are used to study the attenuation of the waveguide. 

Multiple-angle ellipsometry techniques are capable of measuring the global film index 
and initial film thickness, assuming the film is less than a few microns thick. In ellipsometry, 
collimated, coherent and polarized light is incident on the surface of a thin-film; both the change 
in polarization and the phase shift of the reflected light are then measured (Azzam, 1995). From 
these measurements, the index of refraction and film thickness are calculated. Unfortunately, 
ellipsometry can not be used to measure the index of refraction in the densified region due to the 
large spot size of the ellipsometer. 

The technique used to characterize the guided region of the waveguide is the two-prism 
coupler method. Implementation of this method requires two millimeter scale prisms with high 
index of refraction, such that npHsm » nfiim. Figure 1 below shows a schematic of the three-prism 
coupler; implementation of the two-prism method is identical but uses only prisms one and three. 
Prism one is clamped onto the waveguide in the region where light is coupled into the guide. 
When light is incident on the face of the prism at a particular angle, as measured fi-om the normal 
to the prism face, a specific mode becomes excited within the film (Chen, 1991). This coupling 
occurs because the phase matching condition is satisfied at the prism/waveguide boundary: as the 
horizontal portion of the incident wave approaches the propagation constant^ of the waveguide, 
light will begin to turmel into the guide. Maximum coupling occurs when the propagation 
constant is equal to the horizontal portion of the incident wave (Chen, 1991). The second prism 
is typically at the far end of the waveguide with a photodetector attached. Coupling of specific 
modes corresponds to peaks in the power output as measured by the photodetector. When more 
then three modes are present, a root mean square approach is necessary to determine the precise 
index of refraction and film thickness. 

For attenuation measurements, the two-prism method is modified by the introduction of a 
third prism. A schematic of this setup can be seen in Figure 1. The additional prism, labeled as 
Prism 2 in this figure, is free to move laterally along the length of the waveguide, and has a 
photodetector mounted to it. The mobile prism is used to find power readings at various points 
along the guide, a technique which yields improved loss measurements, as the attenuation is 
measured as a function of the waveguide length (Tien, 1971). 

Pho«ode*ec*ors 

Figure 1: Three-Prism Coupler Schematic. 

2 The propagation constant is the magnitude of the wave vector, decomposed into its x- and y-components. The 
wave vector describes the propagation of light waves in distinct media. Each wavelength has a unique wave vector. 
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The advantages of using the two-prism coupler method for index and thickness 
characterization He in the accuracy of the results. If more then two modes are excited, the 
accuracy of the measurements becomes self-checking (Ulrich, 1973). While this method will 
yield very accurate results, implementation is remarkably difficult. The size of the prisms makes 
handling difficult, and as they need to be optically smooth during use, any imperfections will 
alter the results. Clamping of the prisms to the waveguide is also challenging. The prisms can not 
be clamped too tightly, else the integrity of the film will be disturbed and the waveguide itself 
will be warped, altering the light propagation. If the clamping is too loose, scattering will occur 
due to the air gap between the prism and waveguide. Additionally, the method demands accurate 
measurements of incident light on the prism relative to the face normal. Ulrich recommends 
using a rotation stage with accuracy better than one arc minute (1973). Locating the center of the 
prism face at the normal angle is also a significant challenge. 

Another method, known as the end-fire method, is also used to characterize the 
attenuation of the waveguide. In this method, light is coupled into the waveguide through a 
microscope objective lens which focuses a laser beam into the film and, after the light propagates 
through the film, the light is detected at the other end in the same manner. Coupling of light in 
this fashion requires that the ends of the waveguide are cut and highly polished, else the coupling 
losses would be substantially high and no light would be effectively coupled into or out of the 
waveguide. The output power is measured by a photodetector mounted at the exit. The end-fire 
method does not require measurements as precise as the three-prism coupler method, but it does 
require the ends to be optically polished so that surface roughness is less then 0.5 microns. 
Polishing must be done after both the film deposition and laser densification steps and, because 
the polishing process is destructive, there is potential for film damage. Additionally, polishing 
the end of a wafer (approximate thickness of 0.5 mm) is extremely challenging and requires 
special polishing jigs to hold the sample without damage. The other drawback to this method is 
that, in order to characterize the attenuation losses as a fimction of waveguide length, several 
samples of different lengths will first need to be prepared, cleaved, and polished. Thus, the 
method is performed iteratively over a number of assorted sample lengths. 

Figure 2 shows a current implementation of the three-prism coupler method. The exciting 
laser is a HeNe with an operating wavelength of 632.8 nm. The prisms have a 5mm square base, 
are made from lithium tantalate (LiTaOs), and have an index greater than 2.1. In this 
configuration, the waveguide is mounted vertically on a rotation stage with a resolution of one 
arc minute. Additionally, the mounting platform must be optically flat in both the horizontal and 
vertical directions as any slight deviation can produce erroneous results. 
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Figure 2: Current implementation of the 3-Prism Coupler metliod. 

IV. Modeling 
This section focuses on a computational model we created to study light propagation 

through waveguides manufactured via the aforementioned direct-write process. The development 
of the model centered on the chief attributes associated with this process, namely localized 
refractive index change. 

The model was conceived as a design tool to assist the waveguide designer in 
determining the utility of a novel waveguide. Figure 3 shows the changes in the index of 
refraction over a sol-gel component. The designer is free to choose all aspects of this profile, 
including the extent and locations of local index changes and the nature of these changes (graded 
or defined step). Once the designer has created the waveguide profile, it is then fed into the 
propagation model along with initial state information such as location and trajectory of the light. 
After the propagation has been calculated, the designer will receive output in the form of a 
graphical representation of the path of light through the waveguide. 

Figure 3: Waveguide modeled as refractive index profile. 

The type of refractive index profile used by the designer is largely governed by the beam 
profile of the incident laser. The beam profile for the CO2 laser used for densification is a 
Gaussian, as shown in Figure 4a. Gaussian profiles are typically measured by the beam half- 
width, which is the point where the average power drops to approximately 14% (Hecht, 1998). 
With a given spot-size, most of the power will therefore be at the center of the spot, decaying 
exponentially outward. As the densification process is thermally driven, it follows that the largest 
change in refractive index will occur at the center of the beam/film interface. The scan speed and 
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laser power also play a large role in shaping of the refractive profile, as slow scan speeds allow 
for significant thermal diffusion from the beam center, and therefore the resulting refractive 
profile is wider then the spot size (see Figure 4b). Additionally, as the densification process is 
physical in nature, there will likewise be a physical change to the film in the form of localized 
shrinkage, as shown in Figure 4c. 
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Figure 4: Gaussian Profile and Thermal/Physical Effects 
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Conceptually, the algorithm that drives the model is based on Huygens's Principle. 
Huygens was the first physicist to suggest that light traveled in a series of propagating 
wavefronts as shown in Figure 5. This principle is used to model light propagation through 
distinct media with planar point sources. Each of these point sources will propagate a new 
wavefront with a trajectory based on both the current index of refraction and a discrete time step. 
This instantiation of Huygens's Principle allows for propagations of various light phenomena, 
particularly reflections and refractions. It should be noted that, while based on the wave nature of 
light suggested by Huygens's Principle, this algorithm lies in the physical or geometrical optics 
domain. The ray is used to map the path of the wave so that it can be represented graphically. 

Figure 5: Huygens's Principle of propagating wavefronts (Hecht, 1998) 

Huygens's Principle has been employed in the model using a finite-difference approach. 
While the algorithm has a geometrical foundation, finite-difference approaches are, strictly 
speaking, based on discretization of derivatives, generally differential equations. Our approach 
discretizes the light into a series of positions at discrete time intervals. The first step in the 
problem is to discretize the waveguide into a grid or mesh of nodes, with equal spacing in each 
direction of the grid (Note: the spacing need not be the same in all directions, but each distinct 
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direction needs to have uniform spacing) (Greenberg, 1998). The discretization occurs in two 
spatial dimensions with respect to the refractive index profile and in the temporal dimension with 
respect to overall propagation. Thus, the model uses the same basic framework as a finite 
difference approach, but a geometrical interpretation is substituted for the differential equation. 

V. Results and Discussion 
Figure 6a and Figure 6c show two refractive index profiles and the subsequent light propagation 
through each profile is shown in Figure 6b and Figure 6d, respectively. The step down profile 
(Figure 6a) is representative of the interface between core and cladding of a step-index fiber and 
its propagation is a simple reflection. The step up profile (Figure 6c) is representative of the 
interface between air and glass and its propagation is a simple refraction. As these figures 
demonstrate, the model predicts both reflections and refractions with less then 1% error relative 
to Snell's Law. These results verify the model is producing accurate results and is useful as a tool 
to study propagation through a waveguide. 
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Figure 6: Step profiles and associated propagation. Figure 6a shows a step-down profile and associated 
reflection, while Figure 6b shows a step-up profile and associated refraction. 

Figure 7a and Figure 7b show plots of a unique refractive index profile and subsequent 
light propagation through this profile. The refractive index profile is conceptualized as an array 
of refractive index hills. The index of refraction is the highest at the center of each hill, and the 
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hill size corresponds with the spot size of the incident laser, approximately 5-10 microns. 
Notice that as the light travels through the waveguide, its path is sinusoidal in nature, and similar 
to that of a graded index waveguide. Strategic placement of these hills can significantly alter the 
trajectory of the path of the light, as shown in Figure 7b. Conceivably, this sort of profile could 
be tailored to guide only particular wavelengths or trajectories of incoming light. Additionally, as 
this profile is only 80 microns in length, it remains a viable option for integrated optics 
applications. 
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Figure 7: Refractive index profile and associated propagation path. Note that in Figure 7b, the aspect ratio is 
not one-to-one. Also in Figure 7b, ovals represent the refractive index hills. 

Characterization efforts to date have yielded results only from the ellipsometry method as 
shown in Table 1. Listed in the table are index of refraction and thickness results. Other 
characterization efforts have yet to be completed. These results are preliminary, but show a 
significant index difference between the film and substrate. The maximum index difference. An, 
is crucial to containing light within the film. Without local densification the light will not be 
confined to a specific region of the waveguide and significant scattering losses will occur. 
Typically, current optical fibers achieve a An on the order of 1% (Agrawal, 1996) v^hich is half 
of the change in refractive index that we have been able to achieve. However, while we have 
been able to couple light only, we have not yet coupled light into the guided region of the film. 

Sample Substrate Index Film Index Film Thickness An 

10%Ti-SiO2 1.4537 1.4837 372 nm 2.05 % 

10%Ti-SiO2 1.4537 1.4933 307.4 nm 2.65 % 

Table 1: Representative Ellipsometry Results 

VI, Conclusions and Future Work 
This paper describes research efforts to model and characterize a novel sol-gel based 

waveguide manufactured with direct-write techniques. The computational model is built on the 
idea of localized change in refractive index and allows the designer to create an arbitrary 
refractive index profile. While the designer is free to choose any refractive index, the profile 
should be realistic, thus the typical fully dense index range is between 1.47 and  1.49. 
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Additionally, there are geometric and process limitations that restrict the shape of the refractive 
index profile. Furthermore, as characterization efforts come to fruition, real index data, including 
index profiles of the guided region, will be incorporated into the model thus increasing its 
accuracy. 

Efforts to further validate the model are currently underway. These involve determining 
the actual index profile created from the laser densification and creating an experimental setup to 
verify model predictions. Efforts are also underway to complete the characterization of the 
waveguides, and preliminary results are promising. 
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Abstract 

Silicon Carbide (SiC) has been grown from methyltrichlorosilane (MTS) and 
hydrogen using the Georgia Tech Laser Chemical Vapor Deposition (LCVD) system. A 
morphology study of LCVD-SiC fibers and lines was completed. Graphite and single 
crystal silicon were used as the substrates. In order to provide guidance to future growth 
of SiC, thermodynamic calculations for the C-H-Si-Cl system were performed using the 
SOLGASMIX-PV program. 

Introduction 

Silicon carbide (SiC) has outstanding material properties, including extreme hardness, 
high electrical breakdown field, wide band gap energy, good thermal conductivity, and 
excellent resistance to corrosion and thermal shock. It is either presently being used or 
considered primarily for use in critical parts for uncooled gas turbine and adiabatic diesel 
engines and high temperature bearings. It is also currently being considered for use in 
semiconductor devices, especially for high temperature, high frequency, and high power 
electronic applications. 

Laser Chemical Vapor Deposition (LCVD) is a process that uses a laser to initiate a 
chemical reaction of gaseous reactants, which results in solid deposits on selectively 
heated areas of the substrate. The LCVD technique has the potential to make small and 
complex shaped metal and ceramic parts. Due to the nature of the LCVD process, 
deposited materials have desirable properties, such as purity and little porosity. There are 
very few papers on making SiC using LCVD. T. Noda et aO reported the formation of 
polycrystalline SiC by excimer-laser chemical vapor deposition. Chin et al^explored the 
relationship between the morphology and experimental parameters of CVD-SiC prepared 
from CHsSiCb and H2. Choi et a/.^reported the CVD-SiC microstructure obtained from 
different chlorosilanes, such as DDS ((CH3)2SiCl2), TCS ((CH3)3SiCl2), and TS 
((CH3)4Si). Tsui et al.'^ tried to explain the observed morphology of CVD-SiC with 
chemical kinetics and mass transport arguments. In our research, SiC lines and fibers 
have been grown using the Georgia Tech LCVD system for the pyrolysis of CH3SiCl3 
(MTS, methyltrichlorosilane) and H2. A morphological study of the SiC lines and fibers 
was performed, which gave indications of the LCVD-SiC growth mechanism. 

Thermodynamic calculations are extremely useful for analyzing the combination of 
condensed phases that will be most stably deposited during the LCVD process. 
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Thermodynamic calculations based on making SiC from the C-H-Si-Cl system, which 
represents the experimental mixture of CHaSiCls and H2, were explored using the 
SOLGASMIX-PV computer program. The calculations are based on minimization of the 
Gibb's free energy of the system, which has been explained in detail by Eriksson.^ 
Volcano effects^ have been observed in the SiC fibers & lines produced by the Georgia 
Tech LCVD apparatus. Volcano effects are undesirable because of detrimental results for 
surface quality and component fabrication. Hopefully, the thermodynamic calculations 
will help to explain the cause of the volcano effects and offer direction how to avoid them. 

Experimental 

Duty et al.' described the Georgia Tech LCVD system in detail. For the deposition of 
SiC, a vaporizer (bubbler) was used. A simple schematic drawing of vaporizing the liquid 
MTS and transporting the vapor MTS to the reaction chamber is shovm in Figure 1. 
Normally, MTS is assumed saturated under room temperature. The amount of MTS 
flowing into the reaction chamber was controlled by the amount of input hydrogen at 
given temperature and pressure. In order to meet the desired dilution ratio of MTS to H2, 
more H2 was introduced downstream of the vaporizer. For all the experiments, the 
pressure of the reaction chamber was maintained at 500 Torr. The growth temperature 
was measured and controlled by a thermal imager.' Process variables that were 
investigated were deposition temperature, reagent flow rate, and the MTS to H2 ratio. 

Pressure Laser 

Substrate 

Vaporizer 

Mechanisms for moving 

the stage 

Figure 1   Reagent supply system 
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LCVD-SiC 

Fibers and lines of SiC were grown using the Georgia Tech LCVD system. The 
experimental variables for the SiC fibers and lines are shown in Tables 1 and 2. The SEM 
micrographs in Figures 2 - 6 show the deposit microstructure and permitted correlating 
the processing conditions with the microstructure. Many morphologies were observed. 
These include nodular, rounded columnar, strongly faceted, and needle like structures. 

For the fibers of the LI 76 series of experiments (Figure 2), as temperature decreased, 
the surface morphology changed from strongly faceted to nodular. This may be explained 
by the fact that temperature often influences nucleation.^ For the fibers with faceted 
surface structures, the outer regions of the fibers, which have lower growth temperatures 
than the middle region, nodular structures were commonly observed for almost all the 
LCVD-SiC fibers. Surprisingly, the grains in the center of the deposit were often smaller 
than at the outer region. 

As the ratio of MTS to H2 increased, the crystallite sizes were increased in the 
indicated deposition temperature range as can be seen in Figure 3. For CVD of SiC Tsui 
et al.'* found that the change in concentration of MTS affected the surface structures to a 
lesser extent than the growth temperature. As shown in Figures 2 and 3, the fibers 
typically had larger crystallites at the outer regions than in the middle areas. 

Except for L265-7 and L265-8 shown in Figure 4, all of the SiC fibers showed 
depressions in the middle. This is knovm as the volcano effects.^ Depressions were 
present because of either high temperatures or the lack of reactants in the effected region. 
Future work is needed to understand the reasons and to determine how to grow SiC fibers 
without these defects. 

The observed LCVD-SiC fiber morphologies did not correlate well with the 
relationships of CVD SiC morphology vs. process parameters described by Chin. The 
reasons are, probably, that for the LCVD process, the temperatures within the reaction 
zone are not constant while during the CVD process the whole reaction region has the 
same temperature. As for the SiC fibers grown on single crystal Si, shown in Figure 5, 
they show similar morphology and bad volcano effects, but different from those grown 
on the graphite substrate. 

Figure 6 shows LCVD-SiC lines grown on graphite and single crystal Si. The lines on 
graphite have nodular surface structures. Fine crystallites were obtained in the middle 
region and coarse crystallites were observed at the outer areas. This is consistent with the 
observation for fibers. The lines on single crystal Si show different morphologies from 
those on graphite. For the line on the smooth surface of the single crystal Si, there is more 
material in the middle. For the line on the rough surface of single crystal Si, the line is 
very flat. 

The laser used to deposit SiC has a laser spot of 200 \im in diameter on the substrate. 
But all the fibers grown are at least twice as big in diameter, which are shovwi in Table 3. 
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This indicates that the laser used to initiate the chemical reaction introduced a reaction 
zone much bigger then the spot size of the laser. For the processing conditions 
investigated, the spatial resolution for making SiC parts using the LCVD system is bigger 
than the laser spot size, which will require special attention for process and component 
modeling. 

Table 1. Experimental variables of LCVD-SiC fibers 
Sample 

No. 
Substrate Gas-jet 'Grov^h 

temp 
(°C) 

Growth 
pressure 
(Torr) 

Haflow 
(cm /min) 

MTS flow 
(cm'' /min) 

Volume 
ratio 
MTS: 

Ha 
LI 76-3 Graphite Off "^/A 500 500 25 1:20 
LI 76-4 Graphite Off 1600 500 500 25 1:20 
LI 76-5 Graphite Off 1600-1550 500 500 25 1:20 
LI 76-6 Graphite Off "=1600 500 500 25 1:20 
L265-1 Graphite On 1300 500 500 5 1:100 
L265-5 Graphite On 1350 500 500 8.4 1:60 
L265-7 Graphite On 1300 500 500 25 1:20 
L265-8 Graphite On 1400 500 500 25 1:20 
L252-2 "Single Si On 977 500 500 5 1:100 
L253-2 'Single Si On 980-1011 500 500 5 1:100 
' Temperature averaged over a given region 
''Laser power higher than for other LI76 experiments 
'^ Temperature averaged over a smaller region than the one most commonly used, 

therefore, the actual temperature was lower than for LI76-3 through LI76-5 
'' Polished surface of Si wafer 
' Rough surface of Si wafer 

Table 2. Experimental variables of] LCVD-SiC lines 
Sample 

No. 
Substrate Gas-jet 'Growth 

temp 
CC) 

Growth 
pressure 
(Torr) 

Haflow 
(cm^ /min) 

MTS flow 
(cm^ /min) 

Volume 
ratio 
MTS: 

H2 
L251-1 Graphite On 1265 500 500 25 1:20 
L252-3 "Single Si On 900-1000 500 500 5 1:100 
L253-1 'Single Si On 970 500 500 5 1:100 

Temperature averaged over a given region 
^ Polished surface of Si wafer 
■^ Rough surface of Si wafer 
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L 176-3 L176-4 

L 176-5 LI 76-6 
Figure 2 Microstructure of fibers in LI 76 series of experiments 

L 265-1 L 265-5 L265-7 
Figure 3 Influence of MTS to H2 ration on crystallite size 

L 265-7 L265-8 
Figure 4 SiC fibers without volcano effects 
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L252-2 L253-2 
Figure 5 SiC fibers grown on single crystal Si 

L251-1 L251-1-middle L251-1-outer 

-dux.-. -.   - 

L252-3 L253-1 
Figure 6 SiC lines on grown by LCVD 
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Table 3. Diameters of LCVD-SiC fibers 
Sample No. lavg( ^) MTS: H2 ^D inner (^lm) "D outer (^«n) 

L265-1 1300 1:100 423.0 838.4 

L265-2 1400 1:100 510.1 947.2 

L265-3 1250 1:60 366.1 801.8 

L265-5 1350 1:60 479.8 841.9 

L265-6 1450 1:60 616.5 924.0 

L265-7 1300 1:20 621.4 788.3 

L265-8 1400 1:20 781.9 958.5 

' Actual fiber size 
' The whole region that has SiC deposited 

Thermodynamic Calculations 

The C-H-Si-Cl system used to simulate the deposition of SiC was defined by 
specifying pressure, temperature, and the amount of each element present. By holding the 
pressure and temperature constant, the volume of the system can expand and contract 
during reaction depending on the given pressure and temperature. Because the 
calculations are based upon equilibrium thermodynamics, the final resuhs are 
independent of the initial form of the elements. Therefore, while inputting the element 
mole value, the concern is the molecular ratios of each element to satisfy the initial gas 
reactants used. Also, it is assumed that the reactions in the gas phase come to equilibrium 
quickly, and the molecules formed represent the most stable distribution. 

Two sets of thermodynamic calculations were performed; one was based on MTS and 
H2, which were used for growing SiC. The other set was based on the mixture of CCI4, 
SiCU, and H2, which were used to check our calculations with those of Kingon et al. 
The MTS set included 44 gas species and 5 condensed phases (graphite, liquid silicon, 
solid silicon, a-SiC, and p-SiC). Those species are listed in Table 4. For the calculations 
including CCI4 and SiCU, the species considered by Kingon were used^ which are shown 
in Table 5. The enthalpies of formation and entropies of formation were taken from the 
JANAF Thermodynamical Tables.'" 

 Table 4. Species considered in the C-H-Si-Cl (MTS) system  
 Equilibrium gas phases   

C(al 
CCI(g) 
CCl2(g) 
CCl3(g) 
CCl4(g) 
CH(g) 
CHCI(g) 
CHCl3(g) 
CH2(g) 

Si2(g) 
CHzClzCg) 
CH3(g) 
CHsCKg) 
CHsSiClsCg) 
CH4(g) 
SiC(g) 
Si2C(g) 
C2(g) 

C2Ci2(g) 
C2Cl4(g) 
C2Cl6(g) 
C2H(g) 
C2HCI(g) 

C2H2(g) 
C2H4(g) 
SiC2(g) 
C3(g) 

CM. 
CM. 
CM. 
HCI(g) 
SiHaCKg) 
SiCI(g) 
SiCl2(g) 

ci2(g) 

SiHgCIM. 

C[s] _siIL 
Equilibrium condensed phases 

SiCl3(g) 
SiHCl3(g 
SiCUg) 
JM. 
SiH(g) 
H2(g) 
SiH4(g) 
SKsi 

Si[s] a-SiC[s] 3-SiC[s] 
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Table 5. Species considered in the C-H-Si-Cl (CCI4, Si CI4) system 
Equilibrium gas phases 

CCI(g) C2H(g) SiHsCKg SiCi3(g) H2(g) 
CCl4(g) C2H2(g) SiCI(g) SiHCWg) SiH4(g) 
CH3{g) C2H4{g) SiCWg) SiCl4(g) Si(g) 
CHaCKg) ci(g) Cl2(g) H(g) 
CH4(g) HCI(g) SiH2Cl2(g) SiH(g) 

Equili brium condensed phases 
Cfsl Si[l] Si[sl a-SiC[s] 3-SiC[s] 

(1) MTS/H2 

For the series of calculations based on MTS and hydrogen, the system was 
consistently defined with our experimental conditions. The moles of each element input 
were the values of actual moles in the reaction chamber multiplied by 1000. This 
adjustment was made because for some cases, the mole values were too small to get 
reasonable answers due to a quirk of the software. The pressure was kept as 500 Torr and 
the temperature ranged from 300 K to 2900 K. Three different ratios of hydrogen to MTS 
were used, which were 20, 60, and 100. The moles used to perform the calculations are 
listed in Table 6. 

Table 6. El ement input mole values 
MTS: H2 C (mole) H (mole) Si (mole) Cl (mole) 
1:20 4.672 200.896 4.672 14.016 
1:60 4.672 574.565 4.672 14.016 
1:100 4.672 948.416 4.672 14.016 

The calculated results of the condensed phases are shown in Figures 7(a) to 7(c). 
Because only P-SiC and liquid Si existed according to our calculations, the other 
condensed phases were not plotted here. In fact, according to the data of the JANAF 
Tables,'° P-SiC is more stable than a-SiC. Therefore, no a-SiC was expected. From the 
Figures 7(a) to 7(c), it can be seen that under the indicated conditions, most of the time, 
p-SiC was the only condensed phase predicted to exist. The amount of p-SiC increased 
with temperature, reaching a maximum value, and then less P-SiC was predicted to form 
with increasing temperature. At higher temperatures, around 2400 K, the amount of p- 
SiC decreased dramatically and co-existed with liquid Si. The curves for p-SiC are 
similar in shape. Figure 8 shows the p-SiC curves for different MTS to H2 ratios. 
Although it is not that pronounced, it is noted that at temperature less than 2300 K, more 
hydrogen helps to produce P-SiC; at temperatures greater than 2300 K, more hydrogen 
leads to less P-SiC. The curves show what would happen when the system is in 
equilibrium. There may be some deviations between the real SiC growth process and the 
predicted curves. However, these curves provide the tendency for producing p-SiC under 
different process conditions. 
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As mentioned before, the SiC fibers and lines grown using the Georgia Tech LVCD 
system had undesirable volcano effects.^ From the previous calculations, in the 
temperature range of 1000 K to 2000 K, the amount of P-SiC increased with temperature 
and met the maximum value, then decreased with temperature (Figures 7 and 8). It is 
possible that these thermodynamic influences of the grov^h process are the reason for the 
volcano effects. To confirm this, further experiments and more modeling are required. 

300     600     900     1200    1500    1800   2100   2400   2700   3000 

(a) 

300   600   900  1200  1500  1800  2100  2400  2700  3000 
T 

(b) 
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Figure 7 The condensed phases of system MTS/H2 at pressure 500 Torr and MTS to H2 
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Figure 8 P-SiC mole value curves at pressure of 500 Torr and MTS to H2 ratios indicated 

(2) SiCl4/CCl4/H2 

As previously mentioned, this series of calculations w^as performed as a check of the 
method by comparing with Kingon's results.' For a system of CCU/SiCU /H2, the total 
amount of Si and C w^as fixed as 10 moles, the ratio of H2 to (Si+C) was 10, and the 
amount of Cl was40 moles. The detailed information used to specify the calculations is 
shown in Table 7. For each set of calculations having a specific pressure and Si/ (Si+C) 

519 



ratio, the temperature ranged from 1000 K to 2000 K. The calculated results are shown in 
Figure 9. 

Tab e 7. Conditions used to specify the system ( DfCCVSiCU/P h 
Pressure (Pa) Si/(Si+C) 

10^ 0.1 0.3 0.5 0.7 0.9 

10^ 0.1 0.3 0.5 0.7 0.9 

10^ 0.1 0.3 0.5 0.7 0.9 

10^ 0.1 0.3 0.5 0.7 0.9 
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Figure 9 CCVSiCU/H2 system at Si/(Si+C)=0.5 

In each case the calculations were in good agreement with Kingon's^ resuhs, which 
provide confidence for the MTS/H2 calculations. Also, observing the relationship 
between the pressure and the amount of p-SiC, it seems that higher pressure inhibits the 
deposition of P-SiC. But there are no experimental data showing this relationship. 
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Summary and Conclusions 

LCVD-SiC fibers grown using the Georgia Tech LCVD system have surface 
structures that ranged from nodular, rounded columnar, strongly faceted, and needle like 
depending on the growth parameters. LCVD-SiC lines did not show any faceted surface 
structures. From our experiments, it can be concluded that the growth temperature, 
reactant concentration, and the substrate type play an important role in determining the 
morphology of LCVD-SiC. 

Thermodynamic calculations on the system C-H-Si-Cl system using SOLGASMIX- 
PV software provide the basis for getting the most stable combination of condensed 
phases, especially to make p-SiC. The calculations suggest that the deposition rate 
increased with increasing temperature, reached a maximum, and then decreased. This 
information should be useful in establishing processing condition that permit the growth 
of uniform SiC fibers and lines that do not exhibit the volcano effect. 
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Abstract 

The present work investigates the effect of laser scanning beam speeds and the content of 
Tie in injected powder on morphologies and microstructures of laser deposited beads of a 
TiC/H13 tool steel composite. The results show that the beam scanning speeds affect the size and 
morphology of the beads. During laser processing, TiC melts, decomposes, and subsequently, a 
number of fine TiC precipitates form during cooling that are uniformly distributed in the tool 
steel matrix. The beam scanning speeds and the amount of injected TiC exert a strong influence 
on the morphology and size of the fine TiC precipitates. It is believed that the precipitated TiC is 
the primary phase in hypereutectic Fe-TiC. Rapid cooling develops martensite with retained 
austenite in a steel matrix. The precipitated TiC can refine grains of the steel matrix as a 
solidified nucleus. TiC/H13 tool steel composite coatings with various contents of TiC were 
produced using the laser deposition processing technique. 

Introduction 

Laser cladding is widely used for creating various surface coatings of a significant 
thickness that can effectively protect substrates fi-om harsh service conditions. Various coating 
materials, such as carbides, oxides, nitrides, borides and their composites, have been developed 
[1-4]. These coatings display high hardness, wear, erosion and corrosion resistance, heat 
insulation. 

Metal matrix composites (MMCs) as coatings have recentiy attracted much interest, for 
they combine excellent ductility and toughness of metallic matrices with high strength and 
hardness of ceramic reinforcements. Due to its high hardness, melting point, and thermodynamic 
stability as well as availability, TiC is extensively used as a reinforcing phase in MMCs' 
coatings, such as Ni based [5-8] and steel based composites [8-10]. Due to a relatively low cost, 
iron and steels as a coating matrix have a potential application prospect. Utilizing laser surface 
alloying, Ariely et al. [8] produced TiC reinforced steel coatings on the surfaces of Armco iron, 
AlSl 1045 and 1095 steels, exhibiting a higher hardness. Tassin et al. [9] incorporated TiC into 
the surface of AlSl 316 L stainless steel by laser processing, which substantially improved 
sliding wear resistance. Jiang and Molian [10] increased life of die-casting dies by laser surface 
processing with micrometer- and nanometer-sized TiC powder. 

Slurry erosion happens extensively in the industries of mining, metallurgy, and crude-oil 
drilling, etc. Materials with improved wear resistance to slurry erosion are in increasing demand 
in the industries. It is well known that hard materials have a high erosion resistance at a low 
impact angle, while ductile materials have a high erosion resistance at a high impact angle. 
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However, in some service conditions, components suffer slurry erosion at varying impact angles. 
Therefore, it is of practical significance to develop coatings with an overall excellent erosion 
resistance, no mater what the impact angles are. Considering their good combination of hardness 
and ductility, steel matrix composites may be potential erosion resistant materials at various 
impact angles. Utilizing laser surface processing, the present work tries to develop TiC/H13 tool 
steel composite coatings as a new erosion resistant material. 

Laser processing is characterized by its high energy density, low heat input, and 
consequently, high heating and cooling rates that minimizes its effect on a substrate. However, 
laser processing parameters such as beam power and beam scanning speed affect metallurgical 
quality, microstructures, and furthermore, mechanical properties of coatings [10]. In this work, 
laser deposition is used to synthesize TiC/H13 tool steel coatings with different concentrations of 
Tie. The effect of beam scanning speeds on the microstructures of coatings is investigated for a 
given laser beam power and powder feeding rate. Their erosion resistance is being investigated 
and will be reported. 

Experimental procedure 

Fig. 1 shows the schematic diagram of the 3D laser cladding system setup used in this 
investigation. A 1 kW continuous wave Nd: YAG laser with a 200-mm focusing optics is used 
to deposit the powders. The laser beam guided by the optical fiber is reflected from the partial 
reflective mirror, and is focused on the substrate by the set of lens arranged in the laser head. The 
computer-controlled powder feeders are used for dosing and feeding the powder mixture into the 
desired composition, and allow for an exact setting and continuous change of the powder mixture 
during the cladding process [11]. The alignment of the laser beam, powder nozzles, and their 
positioning in relation to the substrate must be accurate for the process to be reproducible. The 
feeding rate of each of the powders and laser processing parameters are controlled automatically. 

AISI 4140 steel plate was used as a substrate, whose composition is shown in Table 1. 
HI 3 tool steel powder was used as a matrix of composite coatings. The original size of the HI 3 
tool steel powder is around 50-100 |ini. Its composition is also shown in Table 1. The original 
Tie particles are 50-100 |Jm. 

Table 1 Nominal chemical composition of steels used, wt.% 

Element C Cr Mo Mn Si V Fe 

4140 0.4 1.0 0.2 0.9 0.2 - Balance 

H13 0.4 5.0 1.0 0.4 1.1 1.1 Balance 
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Fig. 1 Schematic diagram of 3D laser cladding system setup. 

The laser beam power used in the experiments was 380 W, with a spot diameter of 1 mm. 
The beam scanning speeds were set to 5.08, 7.62, 10.16, and 12.7 mm s"'. A feeding system was 
used for direct injection of powders with argon flow as a powder carrier. The TiC and HI 3 tool 
steel powder was injected by a powder feeder through four nozzles of 1 mm in diameter. The 
feeding rates of TiC and HI3 tool steel are dependent on designed constitutions of coatings. 
They are (3 x TiC vol.%) g min' and (4.65xH13 vol.%) g min"' for TiC and HI3 tool steel, 
respectively. Single and double layer beads were deposited at various beam scanning speeds, hi 
case of overall coating, substrate samples (25.4 mm x 25.4 mm) were coated uniformly with 
double layers of about 1 mm in thickness. The beam scanning speed is 10.16 mm s" . A 40% 
overlap of a successive melting track was selected to produce a uniform coating on a substrate. 

The transverse cross sections of the deposited beads were cut for microstructural 
examination. The optical microscopy and electron microprobe with energy dispersive analysis of 
X-ray (EDAX) were used for microstructural observation and microanalysis of composition. X- 
ray diffraction with Cu Ka was performed to identify the phases in coatings. 

Results 

Laser beam scanning speeds affect the sizes and morphologies of deposited beads. 
However, their effect is independent of the constitutions of the deposited powder, that is, the 
proportion of HI 3 tool steel to TiC. The typical morphologies of the cross sections of the beads 
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produced at various beam scanning speeds are shown in Fig. 2. It is well known that a laser clad 
layer can be divided into three zones, i.e., coating, melting and heat-affected zones in a substrate. 
From Fig. 2, it can be seen that coating and melting zones are influenced severely by the beam 
scanning speeds. The faster the beam moves, the smaller the volume and the mass of the 
coatings. Yet, the melting zone of the substrate decreases with decreasing beam scanning speed, 
and disappears completely at the minimal speed, i.e. 5.08 mm s\ It can be seen that only two 
intermediate beam scanning speeds can develop well geometric and symmetric beads. At the 
maximum beam scanning speed, 12.7 mm s'', the coating fails to coincide with the melting zone; 
while at the minimal speed, the coating tends to lean. It is noted that the maximum beam 
scanning speed leads to involvement of the substrate material into the coating, but fails to 
homogenize them, as shown in Fig. 2d. This may result from both the larger melting zone in the 
substrate and higher solidification rate, which mixed much substrate material with deposited 
materials. Double layer depositions have the same melting and heat affected zones as the single 
ones. Undoubtedly, a double layer deposition increases the sizes of deposited coatings. Worthy 
to mention, the beads of the double layer depositions at the minimal beam scanning speed 
completely lose geometrical symmetry. 

Fig. 2 Morphologies of beads of 60 vol.% TiC/H13 steel formed by single layer scanning at 
speeds of (a) 5.08, (b) 7.62, (c) 10.16 and (d) 12.7 mm s''. 
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From Fig. 2, it can be seen that the interface morphologies between a mehing zone and a 
heat-affected zone change with the beam scanning speeds. By decreasing the beam scanning 
speeds, their curvatures decrease. In the example of the minimal beam scanning speed, a melting 
zone disappears and the interface becomes planar. Fig. 3 shows the typical high magnification 
micrographs of planar (at a speed of 5.08 mm s"') and curved (at a speed of 12.7 mm s') 
interfaces. Evidently, the curved interface has a better melting bond than the planar. 

Fig. 3 High magnification micrographs of interfaces in 60 vol.% TiC/H13 steel formed by single 
layer scanning at speeds of (a) 5.08 and (b) 12.7 mm s' . 

High magnification observation indicates that TiC particles decompose, and a great 
number of fine precipitates formed during laser processing. For this reason, the injected coarse 
TiC particles in beads appear fewer in the low magnification micrographs (Fig. 2). By increasing 
the beam scanning speeds, the fine precipitates decrease. Fig. 4 shows the typical microstructures 
of the beads produced at various beam scanning speeds. 

For all the coatings, the fine precipitates are well distributed in steel matrices. Fig. 5 
shows the backscattered electron images of the beads with 40, 60, and 80 vol.% TiC formed at a 
beam scanning speed of 10.16 mm s'\ In these images, both the coarse TiC and the fine 
precipitates appear dark, indicating that their constituting elements are lighter than the iron 
matrix. ED AX demonstrated that fine precipitates are rich in Ti. Furthermore, it can be seen that 
by increasing the contents of the injected TiC, the fine precipitates increase both in quantity and 
size. The injected TiC particles exhibit clear, smooth edges and no reaction layer, indicating that 
they melt and dissolve rather than react with the melt during laser processing. 

The morphologies and sizes of the fine precipitates are related to the contents of the 
injected TiC. Fig. 6 shows the fine precipitates in the beads with various contents of injected TiC 
produced at a beam scanning speed of 10.16 mm/s. hi 40 vol.% TiC, they assume substantially 
spherical and cubic shapes. In 60 vol.% TiC, some precipitates evolve into small flower-petal 
shapes, while the majority are still spherical. But, in 80 vol.% TiC, the precipitates are rather 
large and take spherical, cross, rod, and dendrite forms. 
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Fig. 4 Microstructures of 60 vol.% TiC/H13 steel formed by single layer scanning at speeds of 
(a) 5.08, (b) 7.62, (c) 10.16 and (d) 12.7 mm s\ 

By a careful examination of Fig. 6b, it can be found that numerous fine precipitates are 
located at the center of the matrix grains. This indicates that they acted as a heterogeneous site 
for solidified nucleus of steel matrix grains to nucleate. 

X-ray diffraction analysis was performed on the coatings with 40, 60, and 80 vol.% TiC 
produced at the beam scanning speed of 10.16 mm s'\ respectively. The resulting diffraction 
patterns are shown in Fig. 7. It can be seen that the diffraction patterns of all the coatings are 
similar, and there are only diffraction peaks of steel matrix and TiC, indicating that TiC is only 
the secondary phase. These results mean that the fine precipitates are also TiC. The steel 
matrices are martensite and retained austenite. 
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Fig. 5 Backscattered electron images (BEI) of (a) 40, (b) 60 and (c) 80 vol.% TiC/H13 steel 
formed at a beam scanning speed of 10.16 mm s' . 

Discussion 

The present results demonstrate that sizes and morphologies of the deposited beads are 
closely related to a beam scanning speed, hi fact, they are dependent on the proportion of a 
powder feeding rate to a beam speed for a given powder constituent. During laser processing, 
laser energy is absorbed by both fed powder and substrate. Undoubtedly, their proportion decides 
the morphologies of the beads. Changing a beam speed is equal to inversely modifying a powder 
feeding rate. In the case of a smaller powder feeding rate, or a larger beam scanning speed, the 
amount of powder injected per unit time is small. Consequently, the energy that the powder 
absorbs is smaller, and the more energy may be spent to melt a substrate, resulting in a larger 
melting zone and a smaller bead. That is obvious for the maximum beam scanning speed (12.7 
mm s'') used in the work (Fig. 2d). In the case of a larger powder feeding rate, or a lower beam 
scanning speed, more powder is injected. Therefore, more energy is absorbed by the injecting 
powder than the substrate. That results in a larger bead and a smaller melting zone. The situation 
of the minimal beam scanning speed (5.08 mm s"') is typical (Fig. 2a). Furthermore, no obvious 
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melting bond at the interface (at a speed of 5.08 mm s"') (Fig. 3a) can be explained in this 
viewpoint. 

' .V '■^.. .*. 

Fig. 6 High magnification BEI of (a) 40, (b) 60 and (c) 80 vol.% TiC/H13 steel formed at a beam 
scanning speed of 10.16 mm s"'. 

At the minimal beam scanning speed, the lack of a melting zone in a substrate results in a 
weak interface bond between the coating and substrate, as shown in Fig. 3a. Evidently, this speed 
is not suitable for producing a coating, not to mention the asymmetrical bead it produced (Fig. 2a 
and Fig. 3), that may accommodate gas and cause formation of pores during overlapping in 
coating production. However, the maximum beam scanning speed fails to make the upper 
coating coincide properly with the lower melting zone. More severely, some substrate material in 
the melting zone does not mix well with the deposited materials (Fig. 2d). These disadvantages 
make it unsuitable for producing a coating. In view of the morphology of beads, both the 
maximum and minimal beam scanning speeds are not ideal for coating production, while the 
intermediate beam scanning speeds, 7.62 and 10.16 mm s'' seem to be appropriate. 

The smooth edges of the coarse TiC particles indicate that the injected TiC melts and 
dissolves rather than reacts with the melt. As it is well known, the laser beam is characterized by 
a high energy density. The degree of absorption of the laser beam on metal and ceramic is very 
different. Ceramics have a much higher capability to absorb laser energy than metals [12]. 
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Therefore, in spite of its extremely high melting point (3140°C) [13], melting of TiC occurs 
during processing. As the laser processing time is extremely short, its melting is incomplete and 
unmelted TiC remains. 

(0 c 

26, deg 

Fig. 7 X-ray diffractogram of 40, 60, 80 vol.%TiC/H13 tool steel formed at a beam scanning 
speedof 10.16mms''. 

As melted TiC has a high tendency to dissociate into Ti and C, melting of a large amount 
of TiC results in a substantial increase in the concentration of Ti and C in the melt. Undoubtedly, 
TiC reprecipitate in the melt during cooling. ED AX and X-ray diffraction analysis confirms that 
fine TiC reprecipitated during subsequent cooling may contain less amount of other carbide 
forming elements, such as Mo and Cr. As the melt cools at a relatively high rate, solidified 
structures must be in a thermodynamic nonequilibium. That results in the development of various 
morphologies of TiC. At a higher beam speed and a lower content of injected TiC, the TiC 
precipitated in globular and cubic shapes. By lowering the beam scanning speed and increasing 
the amount of injected TiC, they tend to assume hexagonal and flower-petal shapes and finally 
the form of dendrites. This shows that the morphologies of TiC are closely related to the 
processing parameter and composition of melts. Considering the high contents of injected TiC, 
other alloying elements in the melt are neglected. The melt is approximately taken as the binary 
components of Fe and TiC. Refer to the binary Fe-TiC phase diagram (Fig. 8) [14], we explain 
qualitatively the morphologies of TiC. It can be seen that all the present constitutions of the 
coatings are hypereutectic. Therefore, TiC precipitates as a primary phase during cooling. Their 
morphologies depend on growth, as their nuclei are globular. Various morphologies of TiC can 
be developed during growth [15]. At a lower beam speed, solidification lasts a longer time and 
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prirrtary TiC has time to grow a bit. For a higher content of injected TiC, the melt has a higher 
concentration of Ti and C, that is, a higher supersaturation. Therefore, their growth rate is higher, 
as a high solute concentration speeds up growth. Observed morphologies of TiC, spherical, 
faceted, rod, flower-petal shapes, and dendrites are from various growth stages. Due to rapid 
solidification, it is believed that the deposited beads are far from equilibrium and precipitated 
TiC is only primary phase during solidification. 
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Fig. 8 Fe-TiC phase diagram [14]. 

In all the coatings, fine TiC precipitates are uniformly distributed in the matrix. They do 
not segregate around coarse TiC particles. This indicates that titanium and carbon atoms released 
by injected TiC are well distributed in melts. Their homogeneous distribution must be attributed 
to vigorous convection caused by rapid heating of the laser beam. A convective trace is 
evidenced in Fig. 2. It seems that the larger the beam scanning speed, the more obvious the 
convection. 

Rapid cooling leads to the transformation of steel matrices into martensite (Fig. 7) that 
hardens a steel matrix. The fine precipitated TiC was observed to be a solidified nucleus for the 
steel matrix (Fig. 6b). They refined the grain structures of the matrix. In fact, it is well known 
that TiC is a good refiner for steels. Undoubtedly, this favors to modify solidified structures and 
fiirthermore, to improve both the strength and toughness of the steel matrix. 

The present work indicates that microstructures of deposited beads are closely related to 
processing parameters. The beads with microstructures of coarse injected and fine precipitated 
TiC are developed. It is believed that tailored microstructures of TiC/H13 steel composite 
coatings can be achieved by choosing appropriate laser processing parameters. 
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As well known, fine particles would improve the mechanical properties of composites. It 
is expected that melting of coarse TiC and subsequent reprecipitation of fine TiC would impart 
better overall mechanical properties to coatings than the mechanical insertion of coarse TiC 
particles. Both the coarse remaining and the fine precipitated TiC particles are believed to have a 
clean interface with the steel matrix, as the original surface of injected TiC melts, a fi-esh surface 
is developed, and fine TiC precipitates are formed in-situ within the melts. Therefore, a stronger 
interface bond between TiC and the matrix may be achieved. As well known, the interface is a 
crucial location affecting the mechanical properties of composites. Impurity atoms usually tend 
to adhere to the surfaces of particles that disfavor an interface bond. In-situ formed composites 
can circumvent such disadvantages and therefore, have received much attention recently [16]. It 
is believed that the interface quality between TiC and the matrix in the present coatings is the 
same as that in in-situ formed composites. It is expected that the coating composites possess 
better overall mechanical properties. 

Conclusions 

1. The beam scanning speed affects the size and morphology of the deposited beads. The faster 
the beam moves, the larger the melting zone at the substrate, and the smaller the deposited 
zone. But, the size of heat-affected zones is independent on beam scanning speed. 

2. The higher beam scanning speed fails to mix the deposited material properly with a substrate. 
3. During laser processing, TiC melts, decomposes, and subsequently, a number of fine TiC 

precipitates form. They are uniformly distributed in the steel matrix, which is attributed to 
vigorous convection caused by rapid heating. 

4. The beam scanning speeds and the amount of injected TiC have a remarkable impact on the 
morphology and size of the precipitated TiC. The lower the beam scanning speeds and the 
more the injected TiC, the larger the precipitated TiC. The larger TiC assumes spherical, rod, 
flower-petal, and dendrite shapes, while the smaller TiC is spherical and faceted. 

5. It is believed that precipitated TiC is the primary phase in hypereutectic Fe-TiC. 
6. Steel matrices in coatings are martensite with retained austenite. Precipitated TiC can refine 

grains of the steel matrix as a solidified nucleus. 
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Abstract 

Three-dimensional printing (3DPTM') is a layer-by-layer manufacturing process whereby a 
three-dimensional (3D) component is created by the distribution of a liquid binder onto a powder 
media. A 3DP™ process using stainless steel powder as its printing media requires post-printing 
thermal processing for debinding and sintering of the printed green component. To minimize 
dimensional distortion while increasing structural integrity of the green component, 3DP™ 
thermal post-processing is designed to produce only neck growth between particles, defined as 
initial stage sintering. 

The accepted theoretical model governing initial stage sintering strain for spherical powder 
particles provides a qualitative account of strain development with respect to time and 
temperature variance; however, the model does not produce an accurate quantitative account for 
the magnitude of the strain when compared to dimensional experimental results. The theoretical 
model indicates that powder particle size is the dominant parameter governing sintering strain. 

The purpose of this study is to introduce an effective particle size into the theoretical model, 
thus enabling the application of the theoretical model to estimate dimensional change for 
components produced by 3DPTM. Dimensional sintering experimentation has been performed 
using 3DPTM test specimens with spherical powder particles having mean diameters of 20 fun, 80 
fj.m, and 200 //m. Experimental results and progress on the theoretical model are discussed. 

Introduction 

It is extremely difficult to accurately predict the effects of sintering for dimensional, 
structural, and compositional changes due to the phenomenological aspects involved in sintering. 
Modeling efforts often result in inadequate approximations or inconclusive results. These 
approximations can be attributed to inaccurate material properties at sintering temperatures and 
non-rigorous understanding of basic relationships [1]. Most analytical sintering models provide 
qualitative illustrations of dimensional change (strain), but cannot quantitatively represent the 
magnitudes of these strains when applied to SDP'^'^ sintering process. 

The widely accepted analytical formulation of initial stage sintering exhibiting an appropriate 
development of strain has been presented by German [2,3]. These equations are valid for 
isothermal conditions and provide a solid foundation for analysis of strain development of 

' 3DP is a registered trademark of the Massachusetts Institute of Technology. 
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components manufactured by 3DP'^'^. An expansion of these equations to allow for non- 
isothermal conditions is required in order to quantify some of the phenomenological aspects of 
initial stage sintering theory when applied to SDP''''^ sintering practices. 

This study emphasizes the analysis of strains produced from sintering stainless steel SDP'^'^ 
components. 3DPTM components are manufactured in a layer-by-layer construction using liquid 
binder applied to powdered materials [4]. This study is limited to analysis of components 
comprising a polymeric binder and 316L stainless steel (316L SS) powder with individual test 
specimens consisting of distinctively different particle diameters. 

Initial Stage Sintering Mechanisms 

Sintering occurs in three stages: initial, intermediate, and final. In the 3DP'^'^ process, 
sintering involves only initial stage sintering, which can be characterized by neck formation 
between adjacent particles [2,3], as illustrated in Figure 1. Neck formation can be reduced to 
surface transport mechanisms and bulk transport mechanisms; both of these contribute to the 
mass deposited within the neck. Only bulk mechanisms produce any shrinkage between 
particles, thereby producing strain. This analysis is concentrated solely on dimensional changes, 
so only bulk mechanisms are considered. 

L = D 

Figure 1. Dimensional representation of sintering neck growth and strain of two ideal 
spherical powder particles. 

Initial stage sintering bulk mechanisms are comprised of plastic flow (PF), grain boundary 
diffusion (GB), and volume diffusion (VD) [2,3]. These three mechanisms affect the overall 
shrinkage of powder particles occurring from sintering. The relation of the associated 
parameters and their effective sintering strain, as produced between two spherical particles for 
each mechanism follows the basic kinetic law: 

l.\nl2 B-t 

2"D'" 
(1) 

where t is time, D is the powder particle diameter, and L is the original length between the 
centers of the spherical particles (i.e., particle diameter). 

Each mechanism is dependent on different material and physical parameters. The constant B 
depends on the specific sintering mechanism being considered and is exponentially related to 
temperature by the relationship: 
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B = B„ exp 
kT 

(2) 

where Qmech is the activation energy for the corresponding mechanism, and the variables 5„, m, 

and n are defined in Table 1. 

>le 1. Summarv of initial-stage sintering equations and parameters for spheres [2,3 . 

Mechanism n m Bo 

Volume diffusion (VD) 5 3 
SOyD^a 

kT 

Grain boundary diffusion (GB) 6 4 
lOSyD^Q   . 

kT 

Plastic flow (PF) 2 1 
9nybD^ 

kT 

Symbols 
y= surface energy 
8= grain boundary width 
Q. = atomic volume 
k = Boltzmann's constant 

Dv = volume diffusivity 
Db = grain boundary diffusivity 
b = Burgers vector 
T= Absolute temperature 

The total strain produced is the superposition of all three bulk mechanisms, VD, GB, and PF. 
The bulk mechanisms will be the analytical basis used for a predictive analysis of sintering 
strains produced in SDP^M components. An illustration of the qualitative strain development for 
VD is shown in Figure 2. 

to 
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Figure 2. Isothermal sintering strain rate development for volume diffusion (VD) at 1500K 
for 10 hours. 
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The bulk mechanism equations presented in Equation 1 are valid for isothermal conditions; 
therefore, additional computational work must be developed in order to apply these equations to 
actual sintering temperature profiles. Hence, Equation 1 is more accurately represented as: 

\2/n 

(1') 

As mentioned previously, the total strain is the sum of the bulk mechanisms, VD, GB, and 
PF; since each mechanism depends upon different material properties, their contribution to the 
total strain is unequal. Volume diffusion has been identified as the dominating bulk mechanism 
by Thiimmler [5]. It can be observed from Table 2 that the strain produced from VD is the 
dominating bulk mechanism, while GB diffusion contributes less than 0.01% of the total strain, 
and PF's contribution is negligible. Therefore, only VD will be considered during strain 
calculations for this analysis. 

Table 2. Strain values for 316L SS bulk mechanisms with varying particle diameter, isothermal 
temperature of 1500K, and 10-hour sintering time. 

Powder Particle Diameter Strain due to 
Volume Diffusion 

20 0.02393 

Strain due to 
Plastic Flow 
2.528x10 W 

TT 

Strain due to Grain 
Boundary Diffusion 

2.248 X 10'^ 
3.540 X 10'^ 
1.043x10-^ 

80 0.00453 6.319x10 
^ir 200 0.00151 2.528x10' 

Analytical Calculation of Strain 

Equation 1' represents initial stage sintering strain formulation under isothermal conditions. 
Consequently, Equation 1' is only valid once a temperature has been selected. This is an 
idealistic model because it assumes that a component instantly achieves a sintering temperature; 
but, for practical applications, a component begins at room temperature and heat is applied until 
a desired sintering temperature is reached. As a result, the component is traversing through a 
series of isothermal strain curves described by Equation 1'. Once a desired temperature is 
constantly sustained, then strain can be computed by the isothermal strain curve represented by 
Equation 1'. 

Strain is not only produced at the sintering temperature, but at temperatures below the 
sintering temperature [6]. Strain has already started to form before the maximum temperature of 
the thermal cycle is reached and the calculation of strain must consider the current level of strain 
as well as the current temperature. Since a 3DP''"'^ sintering profile involves a temperature 
decrease as well as increase (i.e., the component must be cooled in order to be handled), 
knowledge of whether the temperature is increasing or decreasing is essential. The reason for 
incorporating a relationship between previously produced strain and the corresponding 
temperature gradient allows for correct transition between higher and lower level isothermal 
strain curves, thereby including any additional strain that may be produced prior to and after 
reaching the desired sintering temperature. 
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strain rate surface, £{ti\ 

In order to perform a calculation of strain produced from a sintering temperature profile 
using isothermal strain curves required the introduction of a strain rate surface. It can be 
observed from Figure 2 that amount of strain produced at any time is dependant upon the 
temperature and the current level of strain. Namely, strain increases at greater rates at the 
beginning of isothermal time-strain curves produced from Equation 1'. It is reasonable to 
postulate that sintering strain can be calculated by summing the area under a strain rate surface 
over a defined temperature profile. 

The creation of a strain rate surface that is dependant upon strain level and temperature is 
formulated using Equation 1' and Mathematica [7]. The premise is to choose specified strain 
increments and temperature increments that span the range of the temperature profile, Tp^„j-,,^{t). 

The strain rates are then algebraically calculated at each of these strains and temperatures using 
Equation 1'. 

Figure 3. Graphical representation of construction of strain rate surface, E{},T); (a) strain 
development for a mechanism, (Jb) strain rate plotted according to value of strain and time. 

To create the strain rate surface, the temperature domain is divided into n discrete 
temperatures 7}. Since temperature has an important role in sintering activity, a coarse AT is 
used at lower temperatures where the sintering activity is almost non-existent, and a finer AJis 
used at elevated temperatures where sintering activity is high. The primary reason for 
performing this varied AT^is to reduce computation time. To ensure that the strain rate surface 
will contain every possible strain-temperature combination for the defined temperature profile, 
the maximum strain is computed at a temperature that exceeds the highest temperature achieved 
in the profile for a time period equal to the length of the profile. 
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One difficulty in creating the strain rate surface, e(/,)|   , involves how strain is defined. 

Strain is dependent upon time, /, and defined in terms of temperature, T. For each e, and 7} it is 

necessary to find an associated time, %, where /^ = time required to reach strain £, at 

temperature, 7}. Finally, the strain rate may be calculated using Equation 3, and is represented 
graphically in Figure 3. 

^(/J,=4)=^(r,.,^,.) (3) 

e (mm/mm) 0 
0.0005 

0.001 

0.0015 

0.002 

3'10 

2'10 

I'lO 

Temp (K) 1000 
F{T,t) = 

1500 

ds 

dt 

Figure 4. Strain rate surface for volume diffusion (VD). 

The resulting strain rate surface (Figure 4) illustrates that at small values of existing strain, 
the strain rate is large and increases as the temperature increases, whereas at large values of 
current strain, the sintering strain rate is negligible. Both of these behaviors correspond to 
defining the strain rate as the tangential value to the curve shown in Figure 2. 

Strain calculation using strain rate surface, sif^^  for a defined temperature profile 

The goal of creating the strain rate surface is to predict dimensional changes occurring during 
initial stage sintering of 3DP''"'^ components using a defined temperature profile. Calculating the 
strain involves solving an ordinary differential equation (ODE) that incorporates the temperature 
profile. Representing the strain rate surface as Fij',e), it is possible to solve for a time-strain 
curve that is the result of a specified temperature profile, Tproflk- A formal mathematical 
expression of this expression can be written as: 

^ = F[T,,of,.{t)A)) (4) 
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where £{t) is the strain at the corresponding time and temperature of Tprof,ie (defined by Equation 

r) and the initial condition ^(o) = 0. The solution to this ODE is a time-strain curve 
representing the amount of strain (shrinkage) produced between two equally sized spherical 
powder particles. 

Experimental Results Compared to Analytical Calculations 

To validate the analytical formulation presented herein, theoretical results were compared to 
experimental measurements using 316L SS samples. Components were manufactured on a 
ProMetal RTS-300, a solid freeform fabrication machine capable of creating metal components 
as large as 12x12x10 in. Typical process speed is 10-20 in^/hr, depending on resolution. 
Components were thermally processed in a non-vacuum atmosphere furnace. Metal powders 
and binder were used as obtained from commercial vendor (Extrude Hone Corporation, Irwin, 
PA). Experimental strain measurements were measured pre- and post-sintering using a Smart 
Scope non-contact video measuring device (Optical Gaging Products, Inc.). The Smart Scope 
measuring method selects several points along each edge of the sample at a magnification of 53x. 
A least squares linear fit is used for the edges of the samples. Dimensional measurements are 
calculated from the linear fit lines with an accuracy of ±40//m (0.00015 in.). Experimental 
results for SOP^M samples printed using 20-, 80-, and 200-;/m-diameter diameter spherical 
powder particles are shown in Table 3. 

The analytical calculation of the strain requires that the material properties of the sintering 
media, namely 316L SS, be knovra. Material properties for 316L SS used for the analytical 
calculations are presented in Table 4. The magnitudes of the analytically calculated strain are 
shown in Table 4 where the values can be readily compared to the measured values for 20, 80, 
and 200 jum diameter particles. The calculated analytical strain is approximately one order of 
magnitude less than the experimentally obtained strain measurements. A graphical 
representation of the analytical strain development for a defined sintering temperature profile is 
presented in Figure 5. 

Table 3. Comparison of experimental measured and 
calculated strains for X-print direction, (fim//um) 
Powder Particle 
Diameter (/jm) 

20 
80 

200 

Experimental Strain 
Measurements 

0.1314 
0.0166 
0.0098 

Calculated 
Analytical Strain 

0.012850 
0.002860 
0.000812 

Table 4. Material properties 
of 316L SS powder particles. 
Qy = 280 kJ/mol 

r=2J/m^ 
Q = 6.9565 mol/cm^ 
A = 40,000 mys 

The strain curve shown in Figure 5 is indicative of the intuitive progression of neck growth 
and strain. Comparing the temperature profile and the corresponding analytically computed 
strain, it is observed that strain does not readily increase until the temperature reaches 
approximately 825 °C, which conforms with [6]. It should also be noted that after the sintering 
temperature has been reached and the samples begin to decrease in temperature, sintering activity 
becomes negligible, which corresponds to no additional strain (neck growth). 
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Figure 5. Typical sintering temperature profile displayed with the corresponding strain 
calculated using the strain rate surface. 

It has been noted by German [1,2], that the equations describing initial stage sintering are 
only approximations and should be considered as such. The authors propose that a modification 
of these equations will lead to relatively accurate prediction of sintering strains which can be 
applied to the 3DPi"'^ sintering processes. All of the contributing factors of Equations 1 and 2 
have accepted values except for powder particle diameter, D. The only option for any type of 
modification to Equation 1 would be to alter the particle diameter influence. 

Effective Particle Size, D^ff^ Formulation 

The discrepancy between the analytical formulation and experimental resuhs can be 
accounted for by creating an effective particle size parameter to use in the analytical formulation. 
To formulate the new parameter, experimental study involving sintering strains produced within 
components comprised of particles with different diameters was performed. Since SDP''"'^ 
predominantly creates components 
using particle diameters in the range of 
20-100 pim, experimentation was 
performed using samples that were 
comprised of 20-, 80-, and 200-/im 
spherical powder to allow for a range 
of experimental values to be obtained. 
It should be noted that the powder 
particle diameter is not constant 
throughout the component; however 
the particle diameters are highly 
concentrated about their respective 
mean diameter (20, 80, and 200 pm). 

Particle Diameter - Dad C"w) 
Figure 6. Powder particle diameter compared to 
experimentally measured sintering strain. 
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Table 3 indicates that the magnitude of the strain calculated using the strain rate surface has 
values less than the experimentally measured strain. It is also observed in Equation 1 that the 
strain does not possess a simple linear relationship with particle diameter. Figure 6 displays a 
graphical representation of the data displayed in Table 3; note the non-linear relationship 
between the strain and the powder particle diameter. Therefore, a constant correction factor will 
not suffice as an effective particle diameter. The strain increases as the particle size decreases, 
which is consistent with the algebraic relation of strain and particle diameter defined in Equation 
1. 

It is proposed to introduce an effective particle diameter to use in the analytical calculation as 
a parameter indicative to SOP^M sintering. The effective particle diameter is determined by 
calculating what effective particle diameter is required to produce the experimentally measured 
strain, while using the strain rate analysis calculation method. The effective diameter, D^^, 

would then be dependant upon the sintering temperature profile that was used during the 
experimental work as well as the actual diameter of the powder particles, D„,,, namely: 

D,ff^D,j,{D,,„t,T) (5) 

The sintering temperature profile must be accounted for while formulating the analytical 
form of D^ff {D^„ ,t,T). Examination of Equation 1 (for VD) reveals that the isothermal strain 

curve, e = £{t), can be thought of as: 

s.s{,J.Dh[0^" (6) 
Using Equation 6, a fixed time, t, and fixed temperature, T (isothermal temperature profile), and 
with the experimentally obtained strain values, it is possible to solve for an effective particle 
diameter, D^^, for each of the 20-, 80-, and 200-|im samples. The effective diameter, £>,^, 

would then be dependant upon the chosen isothermal temperature profile. 

The only known values for actual strain production are obtained from the experimental 
temperature profile, T^^p{t). To find the effective particle diameters for T^xp, successive strain 

rate analyses were performed to obtain a relationship between the particle diameter and produced 
strain. Next the strain values were back-solved to find the effective particle diameter for Texp. 
Those results are shown in Figure 7. The relationship of the effective particle diameter, D,^, to 

the actual diameter, Z)„^,, can be defined by a logarithmic relationship, and the effective data 

points were fitted to the generic equation: 
DjDj = A-[\n(D,J + B] (7) 

resulting in 
DjDj = U.0-[\n(D,,)-2.7]. (7') 

Again, it should be noted that Equation 7' represents a D,^, which is dependant upon T^xp. 
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Figure 7. Actual particle diameter compared to the effective particle diameter. 

The fitted curve for D^^ represented by Equation 7' can be expanded to be used for any 

temperature profile. Introduction of a temperature profile factor (TPF) whose value will be 
dependent upon the active sintering area of the temperature profile. The active sintering area for 
a material can be defined as the time where the temperature exceeds a threshold temperature 
where strain begins to form. Strain begins to form before the sintering temperature is reached, 
which is observed in Figure 5 and for 316L SS, temperatures above 825 °C (or HOOK) are the 
most active temperatures for sintering [3,6]. For sintering of 316L SS, it is possible to relate the 
active area for any sintering profile to Texp, creating a Z)^^ for that particular profile. Therefore 

Equation 7' can be modified such that: 
D^ff tec, ) = TPF.U.O. [infe, )- 2.7] (8) 

where TPF is the sintering temperature profile factor. 

A possible definition of the TPF is defined as the ratio of the integral of Texp, to the integral 
of Tprofiie, where their respective temperatiires exceed 1 \00K, namely: 

\T.J)dt 
TPF raioo 

lT,,„f„At)dt 
(9) 

r^iioo 
Equation 9 displays an intuitive relationship between any Tprof,ie when compared to results for 
Texp. The longer a component is exposed to temperatures within its active sintering area, the 
more strain is produced. This relationship between the temperature profile and the effective 
particle diameter, D^^, creates an initial foundation from which to produce quantitative results 

for sintering of 316L SS 3DP''"'^ components. 

Conclusions 

This study expands upon the qualitative initial stage isothermal sintering strain equations 
presented by German [2] by creating a strain rate surface. Using the strain rate surface, it is 
possible to analyze and qualitatively predict dimensional change of initial stage sintering 
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subjected to any sintering temperature profile by solving the corresponding ODE. The result is a 
time strain relation for the applied temperature profile 

Comparing experimentally obtained strain values and analytically calculated strain values 
using different diameter particles demonstrates the influence of powder particle diameter upon 
sintering strain in 3DPi"'^ components. The experimental results are consistent with the theory 
that powder particle diameter is a dominating influence upon initial stage sintering strain. The 
relationship between the powder particle diameter and corresponding sintering strain introduces 
a method to create quantitative results for sintering analysis of 3DPTM components in the form of 
an effective particle diameter. 

The strain rate surface, when combined with experimental strain measurements, provides an 
analytical form for an effective particle diameter. The effective particle diameter has been 
formulated such that it is dependant upon the corresponding sintering temperature profile to be 
applied. Using the effective particle diameter within the analytical strain calculation (strain rate 
surface) yields quantitative results of sintering strain for 316L SS 3DP™ components. 

Future Endeavors 

Additional experimentation is required to formulate a rigorous relationship between the TPF 
and the experimental temperature profile. Several sintering runs must be performed using 
temperature profiles that possess drastically different sintering activity areas. This experimental 
study would allow for a more concrete definition of the TPF. 

The analytical method developed herein can be expanded upon by incorporating dimensional 
strain computations into a Finite Element Analysis. Including isotropic strain formulation 
characterized by Johnston [8], a three-dimensional strain analysis can be performed for 3DP™ 
components. By combining strength values and fi-acture or failure modes, it becomes possible to 
predict problematic sintering profiles for component geometry. 

Further development of this theory is possible to include components that are comprised of 
powder particles of different diameters, thereby creating components with increased green and 
sintered densities. 
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Abstract 

Electron Beam Melting (EBM) is a direct-to-metal freeform fabrication technique in 
which a 4 kW electron beam is used to melt metal powder in a layer-wise fashion. As this 
process is relatively new, there have not yet been any independently published studies of 
the high alloy steel microstructural properties. This paper describes the EBM process and 
presents results of microstructural analyses on HI 3 tool steel processed via EBM. 

Introduction 
Electron Beam Melting (EBM) is a relatively new direct-metal freeform fabrication 
process that has been commercialized by Arcam (www^arcanLCom)- Figure 1 illustrates 
the basic elements of an Arcam S12 EBM machine. Typically, a 0.1 mm thick layer of 
metal powder is first spread across the build platform. A 4 kW electron beam gun then 
preheats the layer using a relatively low beam current and a relatively high scan speed. 
This preheating step serves two purposes. First, it lightly sinters the metal powder in 
order to hold it in place during subsequent melting at higher beam powers. Second, it 
imparts heat to the part that helps reduce the thermal gradient between the melted layer 
and the rest of the part. By maintaining a more consistent overall part temperature, built- 
in residual stresses are reduced. Following this preheating step, the layer is melted by 
increasing the beam power and/or decreasing the scan speed. The build platform is 
lowered by an amount equal to one layer thickness, a new layer of metal powder is 
spread, and the process is repeated until the part is complete. Upon completion of the 
build process, the part is removed from the build chamber. The loose powder supporting 
the part is removed, and the part is air cooled to room temperature. Bead blasting with 
silicon carbide, aluminum oxide or other appropriate blast media removes any powder 
clinging to the part surface. At this point, the as-processed part has a textured surface that 
resembles a sand casting. If necessary, finish machining of critical part features can be 
performed. 

One advantageous feature of the EBM process is that the loose powder supports all 
downward-facing surfaces, thus highly complex geometric shapes such as conformal 
cooling channels are easily built without any need for complex 5-axis programming for 
collision avoidance. Taminger [1] observed that electron beam melting of metals is very 
energy efficient and is particularly well suited for processing highly reflective metals 
such as aluminum that can be difficult to melt with lasers. Lastly, as the entire process 
takes place in a vacuum, a certain amount of material purification takes place due to the 
removal of gasses such as those that cause porosity in metal casfings. 
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Figure 1 - Layout of Arcam EBM S-12 Machine 

During the EBM build process, each slice is divided into two regions - contours and 
squares. The example in Figure 2 only shows a single contour, however, the user can 
specify that multiple offset contours be buih. The area within a layer that remains after 
the area of the contours is melted is the bulk area to be melted. Rather than melting all of 
this area in a left-to-right or spiral scanning pattern, the slicing software subdivides this 
area into a series of sub-regions called "squares". In order to evenly distribute heat and to 
prevent thermal distortions, these squares are melted in a random order that changes from 
one layer to the next. As is illustrated in Figure 2, squares that are adjacent to a contour 
are cropped to the shape of the contour. The size of the squares is typically 10-15 mm. 

At present, there do not appear to have been any independently published studies of the 
Arcam EBM process. The company states that a wide variety of metal powders can be 
processed with the process, although Arcam initially chose to concentrate on the use of 
HI3 tool steel alloys for tooling applications. A titanium alloy (Ti6A14V) has also been 
developed, and the company is now working on developing parameters for other high- 
performance alloys. Taminger [1] describes encouraging experiments involving e-beam 
freeform fabrication of 2219 aluminum alloy in wire form, and Matz [2] also describes 
unique material properties of a 718 nickel-based superalloy that was fabricated using a 
similar wire-feed e-beam freeform fabrication process. These studies provide strong 
evidence that e-beam freeform fabrication is well suited for a wide variety of metal and 
metal composite materials. The remainder of this paper discusses preliminary results of 
tests conducted using Arcam's EBM S12 machine to process HI3 tool steel powder. 

Figure 2 - Illustration of Contours and Squares for a Tensile Test Specimen 
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Figure 3 - A Set of Five Subsize Tensile Test Specimens Prior To Powder Removal 

Experimental Procedure 
In order to begin studying the microstructure and properties of HI3 steel produced via 
EBM, several sets of standard 4-inch sub-size tensile test specimens were fabricated in 
accordance with ASTM E8 [3] (see Figure 3). Parts were built using the default layer 
thickness of 0.1 mm. Each layer was preheated 10 times with a scan speed of 10,000 
mm/sec and a beam current that was progressively increased from 2 mA on the first scan 
to 20 mA on the 10* scan. Note that at a scan speed of 10,000 mm/sec, the entire 
preheating cycle takes a matter of seconds. Following preheating, each layer was melted. 
A total of two contours were first melted using a beam speed of 100 mm/sec and a beam 
current up to 20 mA. The squares were then melted at a speed of 500 mm/sec and a beam 
current up to 20 mA. All processing parameters such as scan speed and beam current can 
be specified by the user. As is to be expected, the choice of parameter values 
considerably influences build time and material properties. 

In total, three jobs consisting of five specimens each were fabricated using identical build 
parameters as described above. The first two sets of specimens were removed fi-om the 
S12 machine immediately upon completion of the job and were rapidly air-cooled. As 
this is an air-hardening steel, it was hypothesized that rapid air cooling would result in the 
formation of martensite. The second of these two sets was then annealed in a furnace by 
heating it to a temperature of 900°C and then allowing it to cool to room temperature at a 
rate of 22°C/hr. The third set of specimens was allowed to slowly cool to room 
temperature in the build chamber under vacuum in order to determine whether or not the 
properties would be affected by the slower cooling rate (without a subsequent anneal). 
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Prior to preparation of the specimens for microstructural examination, the hardness of the 
slowly cooled set of specimens was tested. A set of measurements from different samples 
produced a range of hardness values from 46.0 to 47.3 HRC. This suggested that cooling 
in the build chamber under vacuum was not slow enough to prevent the formation of 
martensite. Consequently, samples from this group were not considered for 
microstructural examination. 

One specimen from each remaining group was prepared for microstructural examination. 
Transverse and longitudinal sections of solid bars were obtained using a water-cooled 
cutoff wheel and mounted in Bakelite. The surfaces to be viewed were ground on 
progressively finer grits of silicon carbide paper, rough polished using 6-micrpn diamond 
paste, and fine polished with 1 micron and 0.3 micron alumina suspensions. The samples 
were etched with a 4% solution of nitric acid in methanol. An Olympus inverted stage 
metallurgical microscope equipped with digital camera was used for optical examination. 
The microstructure was also viewed using a Hitachi S-3200N Environmental Scanning 
Electron Microscope (SEM) equipped with an Oxford energy dispersive X-ray 
spectrometer capable of light element detection. 

For the chemical analysis, samples of the HI3 powder as well as a section from a 
fabricated bar were submitted to NSL Analytical Services for chemical analysis. X-ray 
fiuorescence spectroscopy was used to determine the levels of cobalt, chromium, 
manganese, molybdenum, nickel, silicon, vanadium, and tungsten. The amount of 
phosphorus present was measured with optical emission spectroscopy, and the amounts 
of carbon and sulfur were determined via LECO furnace. 

Results and Discussion 

Chemical Analysis 

The results of the chemical composition analysis for the as-processed HI3 steel are 
presented in Table 1. ASTM A681 upper and lower limits [4] for HI3 steel are included 
in the table for reference. Arcam considers its powders to be proprietary at this time, 
hence composition of the raw powder cannot be included in the table. 

Table 1- Chemical Composition of as-processed H13 Steel Versus ASTM A681 Specifications 

Element Minimum 
Allowable % 

Measured % Maximum 
Allowable % 

Carbon 0.32 0.37 0.45 
Manganese 0.20 <0.1 0.60 
Phosphorus 0.000 0.011 0.030 
Sulfur 0.000 0.005 0.030 
Silicon 0.80 1.02 1.25 
Chromium 4.75 4.99 5.50 
Vanadium 0.80 1.05 1.20 
Molybdenum 1.10 1.65 1.75 
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With the exception of manganese, all alloying elements fall within ASTM limits for HI 3 
steel. One of the interesting challenges with e-beam melting of metal alloys lies in the 
fact that the process typically takes place in vacuum. Ordinarily, the vaporization of 
lower melting point alloying elements would be a significant concern. With EBM and 
similar processes, however, solidification of the meh pool takes place so rapidly that the 
magnitude of vaporization is quite limited. The degree of vaporization is obviously a 
function of the processing parameters, and future experiments are planned to help obtain 
a better understanding of how rapidly the metal solidifies under a given set of condifions. 

Hardness 

The hardness of both air-cooled and annealed specimens was measured. The air-cooled 
specimens had hardness values ranging from 48.0 to 50.0 HRC. This provided initial 
confirmation of the hypothesis that the as-processed material would consist of martensite. 
As expected, the specimens that were subsequently annealed had HRC values under 20. 

Microstructural Analysis 

As described previously, samples of both air-hardened and annealed specimens were 
prepared for inspection via optical microscopy and SEM. Figure 4 shows a micrograph of 
air-cooled steel produced via the EBM process. For reference, a 500 ^im scale is shown. 
Recall that a layer thickness of 100 jam was used to fabricate this part. As expected, the 
structure is 100% martensite. It is apparent that the part is virtually 100% dense. 
Interlayer fusion also appears to be complete. 

Figure 4 - Microstructure of Air-Cooled HI 3 Specimen 
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Figure 5 - Optical Micrograph Showing Local Inhomogeneities 

From a metallurgical perspective, a set of interesting localized non-homogeneities were 
observed at the boundary between the melted contours and interior square regions (see 
Figure 5). These non-homogenous regions are not visible prior to etching. In an attempt 
to characterize this non-homogeneity, an X-ray line scan across the region shown in 
Figure 6 was performed to detect variations in the amounts of C, Si, Mo, V, Cr, and Fe 
present. As indicated in the spectra to the right of the figure, the chemical composition 
within the non-homogeneity is essentially identical to what is found in the surrounding 
matrix. The specimen was immersed in liquid nitrogen to determine if the non- 
homogeneity might be retained austenite. Unfortunately, this treatment had no effect on 
the non-homogeneity. Lastly, a Micromet microhardness tester was used to measure 
hardness within the non-homogeneity. Microhardness testing indicated that the hardness 
within the non-homogeneity is identical to that of the surrounding martensite. Work is 
continuing on the characterization of these localized non-homogeneities that are only 
observed after etching. 
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Figure 6 - SEM Photograph Showing Line Scan and Spectra Analysis Across Inhomogeneity 
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Figure 7 - Optical Micrograph of Intralayer Shrinkage Crack 

Although the metallurgical properties were generally quite good under the processing 
parameters that were used, a small number of isolated shrinkage cracks that were 
contained within specific layers could be observed. One such crack is shown in Figure 7. 
As the data presented in this paper is specific to one single set of processing parameters, 
future experiments will be necessary to determine the effect of processing parameters on 
microstructure and defects. 

Figure 8 shows a micrograph of an annealed specimen taken at 1OOOX magnification. The 
microstructure is characteristic of spheroidize-annealed steel. The carbides are distributed 
both along the grain boundaries and within the grains. 

Figure 9 shows an SEM photomicrograph taken at 30,000X magnification that shows the 
carbide morphology. As shown in Figure 10, an X-ray spot scan of an individual carbide 
particle (red) was obtained and compared to the X-ray spectrum of the bulk material 
(black line). Note the increased amounts of C, Mo, Cr, and V and decreased amount of 
iron present in the red spectrum. 
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Figure 8 - Optical Micrograph of Spheroidize-Annealed Microstructure (lOOOX) 

Figure 9 - SEM Photograph of Free Carbides In Annealed Specimen (30,000X) 
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Figure 10-X-ray Spectra of Bulk Material and Carbide In Annealed Specimen 

Conclusions 
This paper has presented a microstructural analysis of HI3 tool steel produced via the 
EBM process. As the processing conditions will significantly affect metallurgical 
properties, the decision was made to conduct this initial study using default processing 
conditions. Although parameters can be "tuned" for each build according to the part's 
geometry, the metallurgical properties obtained using the default parameter values were 
quite good. The parts exhibited full interlayer bonding with virtually no porosity. The as- 
processed material was martensite having a hardness of 48-50 HRC. The spheroidize- 
annealed material also appeared much as expected, with carbides dispersed along the 
grain boundaries and within the grains themselves. 

An interesting observation was the presence of localized non-homogeneities along the 
boundary between the part's exterior contours and interior squares. The chemical 
composition and hardness of these regions is virtually identical to that of the surrounding 
martensite. Work continues to further characterize these regions. 

As one would expect, the selection of processing conditions has a significant influence on 
build speed as well as mechanical properties. Generally speaking, an increase in build 
speed is accompanied by a decrease in mechanical properties. The next phase of 
experimentation (just underway) is to begin studying the relationships between 
mechanical properties and parameters such as the number of contours, the square sizes, 
the beam currents (for contours and squares), the beam speed (for contours and squares), 
the layer thickness, etc. These experiments will help map out the tradeoffs between build 
speed and metallurgical properties so that the processing parameters can be selected that 
best meet the needs of the application. 

557 



References 
[1] Taminger, K. and Hafley, R. (2002) "Characterization of 2219 Aluminum Produced 
by Electron Beam Freeform Fabrication" 2002 Solid Freeform Fabrication Symposium 
Proceedings, pp. 482 - 489 

[2] Matz, J. and Eagar, T. (2002) "Carbide Formation in Alloy 718 during Electron Beam 
Solid Freeform Fabrication" Metallurgical and Materials Transactions A, vol. 33A, pp. 
2559-2567. 

[3] Standard Test Methods for Tension Testing of Metallic Materials, ASTM E8-01. 

[4] Standard Specification for Tool Steels Alloy, ASTM A681-94. 

558 



Mechanics of the Selective Laser Raster-Scanning Surface Interaction 

J.A. Ramos', D.L. BourelP 

(1)   Department of Mechanical and Metallurgical Engineering, Pontificia Universidad 
Catolica de Chile, Vicuna Mackenna 4860, Santiago, Chile 

(2) Department of Mechanical Engineering, Laboratory for Freeform Fabrication   The 
University of Texas at Austin, Austin, Texas, 78712 

Reviewed, accepted August 19, 2003 

ABSTRACT 

In recent years, the use of a high power laser beam actuated by fast speed 
scanning mirrors has opened up novel selective laser raster-scan processing venues as 
extremely rapid motion and high overlapping of the beam can be attained. This permits 
distribution of laser energy precisely over geometric patterns such as rectangles, circles, 
triangles etc. The surface thermal history at any given point under such processing was 
estimated using an analytical solution for the ID, semi-infinite, surface flux boundary 
condition heat conduction problem together with linear superposition theory. Presented 
here is the comparison of the thermal histories of different selective laser surface 
processes previously implemented, namely: laser surface polishing of flat surfaces, laser 
induced cementation of cylindrical surfaces and direct laser single layer masked 
deposition. It was possible to verify that in laser induced cementation, long-width and 
short-length scanned regions provided low average temperature and low heating rate with 
spaced out temperature peaks, whereas for direct laser single layer deposition in which a 
narrow-width - long-length region is scanned, the heating rate and peak temperature are 
higher and the peaks are squeezed. The analysis also provided ways to estimate the 
Andrew's number associated with a raster-scan process for the sake of comparison with 
single-beam processes having a given number value. Understanding the influence of scan 
geometry and overlapping on the selective raster-scan processing provides a method to 
tailor the surface peak temperature as well as the heating and cooling rates, affecting the 
solidification or sintering conditions and therefore the mechanical properties of the parts 
obtained. 

Introduction 

It was in the mid 80s when the need to deposit low power infrared laser energy 
selectively in space over the surface of materials became a necessity for the development 
of certain rapid prototyping technologies that were evolving at that time. One particular 
case, was the development of the Selective Laser Sintering (SLS) process created at the 
University of Texas at Austin [1]. Energy deposition in 2D space was achieved by 
modulating laser energy using galvanometer driven mirrors. The main advantage of the 
"galvo-mirrors" was the fact the laser beam could be raster-scanned at much higher 
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speeds, along any planar trajectory, than any conventional positioning mechanism 
available then such as CNC x-y tables. 

By raster-scanning a focused laser beam along a zig-zag pattern, galvanometer 
driven mirrors allowed the creation of a "pseudo-energy-line" source capable of 
sustaining an homogenous melting front of certain width. The traveling speed, Vt, 
(slow-direction) of this front is a function of the scan speed, Vs, (fast direction) and the 
density of scanning lines. The latter in turn, determined the percent of scanning-line 
overlap, ^, for a given beam spot diameter size. However, it was not until early 90s that 
high-laser-power handling galvo-mirror delivery systems became available to 
investigators. By 1998 Das et al. at the University of Texas at Austin had built two such 
SLS stations capable of harnessing up to 1.4 kW from a CO2 laser and 500 W from a 
Nd:YAG for research purposes [2]. 

In this work the thermal history at any surface point under laser raster-scan 
processing was estimated numerically using the analytical solution to the ID, semi- 
infmite, surface flux boundary condition heat conduction problem together with linear 
superposition theory. Results were obtained for the thermal histories of different laser 
surface processes, namely: laser surface polishing of a planar surface, laser induced 
cementation of a cylindrical surfaces and direct laser single layer masked deposition. 
Common variables to all these processes are: width and length of the scanned rectangular 
region, number of scanning lines, scan speed along the width and laser power. 

Laser Surface Polishing of Indirect-SLS Parts 

Laser surface processing is emerging as a suitable technique for reducing surface 
roughness in metals, ceramics and polymer materials as it offers several modification 
regimes depending on the laser processing parameters. [3-5]. The schematic drawing of 
the laser polishing process utilized to reduce the surface roughness of indirect SLS parts 
is illustrated in Figure 1 [7]. 

INDIRECT SLS 
SUBSTRATE 

Figure 1. Schematic diagram of the laser polishing process. 
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A focused laser beam of sufficient power to shallowly melt the surface of the object was 
raster-scanned at high speed a long a rectangular track. The length to width aspect ratio of 
the scan track in this case ranged from 5 to 12.5; a geometric file with 2000 scanning 
lines/inch was used. 

Laser Induced Cementation of Cylindrical Substrates 

The purpose is to develop a laser fusion methodology to deposit coatings over 
cylindrical ceramic substrates. The scanning trajectory of the focused laser beam is 
programmed so that the beam scans back and forth along the major axis of the cylinder a 
narrow fringe with a small length to width aspect ratio of 0.05 using up to 4000 scanning 
lines/inch. The laser beam was scanned over the specimen the same amount of time the 
cylindrical specimen was rotated. Figure 2 illustrates the set up developed to carry out the 
laser induced cementation process [7]. The cylindrical specimen rotates suspended from a 
narrow stem while the focused laser beam raster-scans back and forth a long the 
longitudinal length of the cylinder. 

Figure 2. Schematic drawing of the "Laser Induced Cementation" process. 

Direct Laser Single Layer Masked Deposition 

Finally, in this research the objective is to restore superalloy single crystal 
components (e.g. aircraft combustion engine turbine blades) to near original properties 
and dimensions. It is crucial to develop the ability to tailor the microstructure of the 
deposited material as it is being laid. A schematic diagram of the laser melting process 
used in this work is illustrated in Figure 3 [7]. The laser beam raster-scans back and forth 
laterally and travels along the mask trough, melting the entire powder depth and a small 
fraction of the substrate. As the melt pool advances its tail solidifies forming a sound 
metallurgical bonding with the substrate. The length to width aspect ratio of the scan 
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track in this case corresponds to 12.5 and a total of 7000 scanning lines/inch is 
considered. 

MAR-M 247 
CAST DEPOSIT 

MAR-M 247 MASK 

SCANNING 
LASER BEAM 

TRAVELING DIRECTION 

Figure 3. Overall schematic of the mask-powder-substrate arrangement during selective 
laser melting. 

Mechanics of a Raster-Scanned Laser Beam 

In recent years, the use of high-power laser beams actuated by high-speed 
scanning mirrors has opened up novel surface raster-scan processing venues as extremely 
rapid motion of the beam (> 0.5 m/s in the scan direction) and high percentage overlap (> 
99.9%) can be attained. This permits distribution precisely of laser energy along specific 
geometric patterns such rectangles, circles, triangles or almost any complex closed 
regions. Because of this processing scheme, each point at the surface of the material 
experiences multiple high-frequency heating-cooling (HC) cycles during the overall laser 
scanning time. The HC cycle period is a function of position along the scanning direction 
and overall geometry of the scanning pattern. 

Energy Densitv Relationship: Raster-Scan and Line Sources 

The Andrew's number (Eq. 1) is a measure of the energy deposited per unit area 
over the surface of a material by a moving energy source. It can also be expressed as the 
power deposited over an area that is being continuously displaced per unit time; thus for a 
given laser power, P, focused at a spot of diameter, D, which moves with a traveling 
speed, Vi^ the Andrew's number becomes, 
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'^SPOT DV. 
(1) 

If the energy source were no longer circular but of rectangular shape, with dimensions D 
and W, where W corresponds to the width of the source and D the thickness; in the case 
of W»D, the source can be considered a line source having its speed, VL, perpendicular 
to its width, W. The Andrew's number then becomes 

"■LINE w-v. (2) 

If such linear source moved a length L, then the overall rastered area would be L*W. The 

average time taken to cover that area is. At = —, and the total energy density deposited 

corresponds to. 
PAt 
L-W 

. Therefore, Eq. 2 is verified, when At is substituted in. Now let us 

consider what happens when the area, L*W, is rastered not by a line source of width W, 
but by a spot source of diameter, D, that scans parallel to the width W of the area. Figure 
4 shows a schematic illustration of this laser raster scan process. 

Figure 4. Schematic of a typical laser raster-scan fusion coating process. 

Moreover, it is assumed that there is not overlap of the spot source as it travels back and 
forth the width W at a speed Vs (generally faster than the traveling speed Vt), so that at 
each edge, its perpendicular position is offset a distance D. Then, the number of scan- 
lines required to cover the area L*W becomes. 

N = 
D 

(3) 
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In this situation the average time taken to cover the raster-scanned area, L*W, can be 
expressed as, 

At 
N-W    L-W 

R-S Vs      D-V, 
(4) 

and the total energy deposited over the area, L*W, by the raster-scanned source now 
becomes, 

P-At R-S 

LW 
•■R-S D-Ve 

(5) 

We can then conclude that in order to obtain the same Andrew's number 
associated with the area, L*W, and a fixed laser power, P, the following equivalence 
relation (from Eq. 2 and 5) must hold: 

Ve W 
(6) 

That is, the equivalence between the traveling speed, VL, of a line source of width W, 
relates to the raster-scan speed, Vs, of a spot source of diameter D, by the quotient, D/W, 
which is generally less than 1. 

If we now allow a certain amount of overlapping between successive scanned 
lines, we may define the percentage of overlap, ^, as, 

= 1. Ax 
D 

(7) 

Where, Ax, is the distance between the corresponding edges of two successive scanned 
tracks as illustrated in Figure 5 . 

::     ,.■'■''y'y"''.-Jf.-- 

SUBSTRATE 

Figure 5. Schematic illustration of the overlapping of raster scans tracks. 
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Then, the number of scan lines, NQL, when overlap exists, needed to cover the area, L*W, 
becomes, 

NoL= —-— (8) ""^    (l-^)-D 

The average time taken to cover such an area is, 

L-W 
At„ .,oL =  (9) 

''''"''■     (l-^)-D-Vs 

and the total energy deposited over L*W by the raster-scanned and overlapped source is, 

P • At P 
^ ^^R-s/OL =A^s,o,= -^  (10) 

L-W ^^°      (l-<z))-D-Vs 

The equivalence relationship then becomes, 

V        D ^ = —.(1-^ (11) 
Vs      W 

This relationship verifies Eq. 5 when ^ = 0, i.e., when no overlap exists. Simultaneously, 
when ^ is non-zero, the average traveling speed, Vt, of the raster-scanned source 
becomes, 

V,=-i^=(l-^)-—-X (12) 
At ^   '^^ w 

It can be observed that Eq.l2 is equivalent to Eq. 11. This means that when Eq. 11 holds, 
the traveling speed of the line source, VL, corresponds to the average traveling speed of 
the raster-scanned source. 

Surface Temperature Evolution During Laser Raster-Scanning 

At a given point on the surface, the temperature increase due to the heating 
portion of the heating-cooling cycle can be modeled through the analytical solution to the 
1-D, semi-infinite, flux boundary heat conduction problem. The core of the heat 
conduction problem is the known parabolic differential equation in one-dimensional 
space. 
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a'T _ 1   cfT 

dz^     a   dt 
(13) 

with initial temperature, To, over all the domain, and at the surface of the specimen, the 
flux boundary condition is, 

dT 
K-— 

dz 
= 1 

z=<) 
(14) 

where, I, is the power density of the laser beam, 

j_(l-9^)-P (15) 

fJH incorporates the effect of surface reflectivity, which is a strong function of the laser 

wavelength, as well as radiative and convective surface heat losses. The area illuminated 
by the beam. A, can be circular as in the case of a raster-scanned-source (i.e., Tt'D /4) or 
rectangular as for a line-source (i.e., WD). 

The analytical solution to this problem provides a uniaxial temperature 
distribution in closed-form, which is a function of position and time in the semi-infinite 
solid [3,6], 

^.   ^     2-1 
T(z..)=-. T^ffLil   .£.erfc 

r ^^ 

(4-a-t) 0.5 

^J 
(16) 

Here, a and K correspond to the thermal diffusivity and heat conductivity of the solid 
respectively, and erfc( ) is the complementary error function. When evaluated at z = 0, 
Eq. 16 then simplifies dovm to 

I   f4-a-t^ T(z.,)U = T(.)4{±^ 
0.5 

(17) 
J 

Linear superposition theory can then be applied to obtain both the heating and the 
cooling portion of the HC cycle [3,6]. The latter, after the heat source has stopped 
interacting for a given time interval, DA^s, is approximately equivalent of being turned 
off. This corresponds to the following surface boundary condition, 
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dz z=0 

I for 0 < t < 
Vc 

0 for t > — 

(18) 

The resulting expression for the complete temperature evolution has the form, 

T„c(t,To) = T(t)-H(t)-T(t-To).H(t-Xo) (19) 

where H(t), corresponds to the Heaviside step function and to is half the laser interaction 
time interval or heating time, D/2Vs. This is the time one half the laser spot spends 
traveling over a specific surface coordinate. This time interval causes increase in local 
surface temperature and corresponds to the first term on the right hand side of Eq. 19. 
The heating cycle is immediately followed by a cooling cycle that corresponds to the 
second term on the right hand side of Eq. 19. The complete HC cycle is illustrated in 
Figure 6. 

Figure 6. Typical heating cycle followed by the corresponding cooling cycle after the 
source is turned off or displaced. 

Linear superposition theory can be further applied to determine the superposition 
of temperature histories due to multiple overlaps. An arbitrary x position, along the scan- 
width W is considered, measured from the left edge. The temperature evolution at this 
location during the initial heating interval at each complete raster scan cycle, is 
determined then by, 

1 

/lni.ia,(t,T„T2) = 2(Hl-^)-i)-[T(t-T,)-H(t-T,)-T(t-T2)-H(t-T,)] (20) 
i=0 
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Where the summation Hmit, \/\-^ , refers to the number of times the laser has to scan 
over its spot area in order to raster it completely. After every scan, the beam is offset a 
percentage, l-(^, of the total spot width, so the intensity of the heat flux experienced by 
the space coordinate, x, is assumed to decay as \-(\-(f>)*i, where, i, is the summation index 
corresponding to the raster-scan number count. Here, xi, corresponds to one full raster 
scan time interval in which the source travels from the x coordinate and back to it, and, 
X2, corresponds to the same interval plus a heating cycle of length D/2. 

Additionally, the temperature evolution during first cooling interval (the time it 
takes the source to travel from the x coordinate to the right edge of the width and then 
back to the former) is given by a similar relationship, 

1 

/K,.(t,X3,x.) = 2(l-(l-<^)-i)-[T(t-X3)-H(t-T3)-T(t-Tj.H(t-T,)]       (21) 
i=0 

However, here the function T3, corresponds to the cooling interval as the beam moves 
away from x to W and from W to back x, and the function T4, corresponds to the same 
cooling interval plus one heating cycle of length: D when 0 < x < W, D/2 when x = 0, and 
zero heating interval when x = W. Similarly, the temperature evolution during the 
second cooling interval (this is time it takes the source to travel from x to the left edge of 
the width, and then back to the former) is given once again by, 

j_ 

Ae«(t,T3,X,) = i;(l-(l-(^)-i)-[T(t-T3)-H(t-T3)-T(t-T,)-H(t-T,)] (22) 
i=0 

This differs only in the form of the cooling intervals, T5 and xe. Thus, the ternperature 
profile at a given position, x, for a raster scan processing, as a function of time is, given 
by the sum of the latter three expressions: 

T(t,x),3,,,.s,^ =/(t,r„r2)_ +/(t,r3,r,)^^^,„ +fit,T„TX, (23) 

More details on this model can be found in Ref. 7. 

To illustrate the use of Eq. 23, a plot of a typical sequence of heating and cooling 
cycles when two complete back and forth raster scans are performed is presented in 
Figure 7. The continuous line corresponds to the temperature measured at the center of 
the width while the dotted line corresponds to the temperature as measured at either one 
of the edges. In the both cases, the first and last peaks are narrower as it corresponds to 
half the total heating interval, D/2Vs, whereas the other peaks correspond to a full heating 
interval. 
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X=W/2 
x=w 

Time (s) 

Figure 7. Typical sequence of heating and cooling cycle when a complete back and forth 
raster scan is performed. 

Simulation Results and Discussion 

Numerical implementation of Eq. 23 was done and the temperature profile results 
are plotted in Figure 8. These temperature profiles were evaluated at half the width of the 
scan pattern. These results were used to compare the thermal histories of three different 
laser surface processes, namely: (a) laser surface polishing of flat surfaces, (b) laser 
induced cementation of cylindrical surfaces and (c) direct laser single layer masked 
deposition. However, to compare the different temperature profiles, the material 
properties, the laser power and spot diameter on all three processes were equally 
assigned. Temperature independent materials properties for 420 stainless steel-40wt.% 
bronze alloy were considered, the laser power was set equal to 250 W, and the spot size 
was 0.4 mm. Variables common to all these processes were: width, W, and length, L, of 
the scanned rectangular region, number of scaiming lines, N, and the overall scaiming 
time. At, These variables were assigned different values for each of the three processes as 
illustrated in Table 1. The percent overlap, f, the scan speed, the Andrew's number and 
the traveling speed were calculated from Eq. 8,9,10 and 11, respectively. 

Table 1.] Processing variables for three difference laser raster-scan process. 

Process L 
(mm) 

W 
(mm) 

At 
(s) 

N 
(line/inch) (%) (mm/s) 

AR-S/OL-AL 

(J/mm^) (mm/s) 
a 25.4 4 20 2000 96.825 400 49.21 1.27 
b 1.3 25.4 180 4000 99.919 564.4 1367.1 0.0072 
c 25.4 2 20 7000 99.093 700 98.44 1.27 
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Induced cementation, Raster-Scann 
Induced cementation, Line-Source 
Polishing, Raster-Scan 
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Single layer deposition, Raster-Scan 
Sinple laver Henositinn I.ine-Soiirce 

Figure 8. Surface temperatures at a fixed position versus interaction time for raster-scan 
processing and line-source processing for 3 different processes. 

From Figure 8 it can be observed that for a diffusion-driven process like the laser 
induced cementation, long-width short-length scanned regions (L/W = 0.32) with 
intermediate number of scan lines (N=4000), provide a low average temperature with 
spaced out sharp temperature peaks, whereas for narrow-width long-length scanned 
regions (L/W = 6.35) with lower number of scan lines (N=2000) as in the case of laser 
polishing, the average temperature is higher but short lived, and the temperature peaks 
are shorter and much closer together. When increasing the number of scan lines 
(N=7000) and doubling the length to width ratio (L/W= 12.7) as in direct laser single 
layer masked deposition, the average temperature is higher than in the previous case and 
it also lasts longer and the peak temperatures are less spaced out than in the first case. 

The temperature history obtained for a line source of equal power and traveling 
speed, along the length direction, is also plotted in Figure 8 for comparison purposes 
from a single heating-cooling cycle as given by Eq. 19. In the case of processes (a) and 
(c), the temperature profile shows the same heating interval length because of the same 
traveling speed (1.27 mm/s), but for the former the peak temperature is lower as the 
associated Andrew's number (44.22 J/mm^) is half that of the latter (98.44 J/mm^). This 
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is because of the twofold difference in number of scan lines (2000 versus 4000 
lines/inch). In the case of the laser polishing process, the peak average temperature 
obtained by the raster-scan and the line sources are very close in magnitude. However, 
the heating interval for the raster-scan is almost half that of the line source due to the 
lower percent overlap (96.83%). The heating rate is also steeper for the raster-scan source 
than for the line source, while the cooling rate is steeper for the line source only at the 
beginning of the cooling cycle. In the case of process (c), a much higher peak 
temperature is obtained with the line-source as well as steeper heating and cooling rates. 
Moreover, the peak average temperature of the raster-scan source occurs at almost the 
same heating interval as the peak temperature of the line source due to the high 
percentage overlap (99.09%). In the case of process (b), the corresponding Andrew's 
number is the highest of the three processes (1367 J/mm^). However, it can be observed 
that the line source temperature is not much higher than the mean temperature obtained 
for a raster-scan source, and the peak temperatures from the latter source are higher in 
this particular case. The maximum average temperature is achieved for the longest 
heating interval of the three processes due to the largest percentage overlap used 
(99.92%). 

It is worth noting that for all three processes, the Andrew's numbers of the line 
and raster-scan sources are the same as imposed by the equivalence relationship given by 
Eq. 11. 

Conclusions 

Equation 11 is a general and useful relationship that allows to comparison of 
surfaces that have been laser processed and thus modified by line or raster scanned 
sources, keeping constant in both cases the Andrew's number by varying ^ and Vs, when 
W, L, D and Vt are kept constant. 

Increasing the number of scan lines (N) while keeping constant the traveling 
speed (VL=Vt) and laser power (P) produces higher peak temperatures after heating 
intervals that approach the limiting value given by a (DA^L) for a line source traveling at 
the same speed. This is because the percent overlap, ^, is increased towards 1. 

For a fixed traveling speed, increasing the number of scan lines increases the scan 
speed provided the length to width aspect ratio is kept constant as determined by 
Equation 11. 

If the number of scan lines is now reduced, not only the peak temperature is 
reduced but also the heating interval is shorter than the limiting value as the percentage 
overlap is decreased. 

Understanding the influence of scan geometry (L-W aspect ratio), percent 
overlapping (^ and number of scan lines (N), on the raster-scan surface processing 
provides a method to tailor the surface peak temperature and heating interval as well as 
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the heating and cooHng rates. This in turns affects the solidification or sintering 
conditions of the process and therefore the mechanical properties of the parts obtained. 
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Abstract 

Successes in scaffold guided tissue engineering require scaffolds to have specific macroscopic 
geometries and internal architectures in order to provide the needed biological and biophysical 
functions. Freeform fabrication provides an effective process tool to manufacture many advanced 
scaffolds with designed properties. This paper reports our recent study on using a novel Precision 
Extmding Deposition (PED) process technique to directly fabricate cellular Poly-s-Caprolactone 
(PCL) scaffolds. Scaffolds with a controlled pore size of 250 |xm and designed structural 
orientations were fabricated. The scaffold morphology, intemal micro-architecture and 
mechanical properties were evaluated using SEM, Micro-Computed Tomography (|>CT) and the 
mechanical testing. Preliminary biological study was also conducted to investigate the cell 
responses to the as-fabricated tissue scaffolds. The results and the characterizations demonstrate 
the viability of the PED process to the scaffold fabrication as well as a good mechanical 
property, structural integrity, controlled pore size, pore interconnectivity, and the anticipated 
biological compatibility of the as-fabricated PCL scaffolds. 

Keywords - Tissue Engineering, Tissue scaffold. Solid Freeform Fabrication, Micro-CT 
characterization. Scaffold fabrication 

1. Introduction 

Three-dimensional scaffolds play important roles in scaffold guided tissue engineering 
because they provide critical functions as extra-cellular matrices onto which cells can attach, 
grow, and form new tissues. Design and fabrication of tissue scaffolds is always a challenged 
subject in regenerative medicine, particularly, for load bearing scaffolds in bone and cartilage 
tissue engineering application. To design this type of tissue scaffold often needs to address 
multiple biological, mechanical and geometrical design constraint in terms of scaffold external 
and intemal geometry, porosity, pore size and interconnectivity in order to provide the needed 
structural integrity, strength, transport property, and an ideal micro-environment for cell and 
tissue ingrowth and healing [1-3]. Advances in computer-aided tissue engineering and the use of 
biomimetic design approach enable to introduce biological and biophysical requirement into the 
scaffold design [4, 5]. However, thus designed scaffolds often have intricate architectures that 
can  only be  fabricated through  advanced  manufacturing techniques.  Most available scaffold 

' Corresponding author: Dr. W. Sun, Associate Professor, 215-895-5810; sunwei@,drexel.edu 
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fabrication methods, such as solvent casting, fiber bonding, phase separation, gas induced 
foaming, and salt leaching, are either limited to producing scaffolds with simple geometry, or to 
depending on in-direct casting method for scaffold fabrication [6, 7], so they are impractical for 
being used to manufacture scaffolds with complex structural architectures. To overcome this 
hurdle, solid fi-eeform fabrication techniques, such as 3D Printing, Multi-phase Jet Solidification, 
and Fused Deposition Modeling (FDM) have been widely adopted for scaffold fabrication [8- 
10]. Among the reported techniques, FDM-based extruding deposition seems to be one of the 
most promising processes because of its versatility of using different scaffolding materials, 
possibility of manufacturing scaffolds in a cell-fiiendly environment, and feasibility of controlled 
drop- on- demand high precision deposition [11,12]. 

On the other hand, the ability of quantification of the scaffold fabrication-microstructure 
relationships, such as the effect of the process on the morphologies and the fimctional properties 
of the scaffolds, is as important as the scaffold fabrication itself because the biological and 
mechanical fiinctions of the scaffold are in part dominated by the fabricated local micro- 
architecture of the scaffold. Micro-Computed Tomographic imaging technology (micro-CT) 
enables the characterization of the salient features of the scaffolds for tissue engineering 
applications. Recent reports have shown that micro-CT techniques are capable of characterizing 
micro-architectural and mechanical properties of tissue scaffolds [13], evaluating porous 
biomaterials [14], quantifying the bone tissue morphologies and internal stress-strain behavior 
[15] and conducting nondestructive evaluation for tissue properties [16]. 

The objective of this paper is to present our recent study on using a Precision Extruding 
Deposition (PED) process to fabricate Poly e-Caprolactone (PCL) tissue scaffolds with designed 
micro-architecture, and to present the study of using micro-CT technique for evaluation and 
characterization of the morphologies and microstructures of the PED fabricated scaffolds. In 
contrast to the conventional FDM process that requires use pre-cursor filaments, the presented 
PED process directly extrudes scaffolding materials in its granulated or pellet form Mdthout the 
filament preparation and fi-eeform deposits according to the designed micro-scale features. A 
brief outline of the fabrication procedure, including the description of the PED system major 
components, the PED process and the scaffold architecture, and the use of the PED process to 
freeform fabricate cellular Poly-8-Caprolactone (PCL) scaffolds is introduced in Section 2. 
Section presents the material and the process. Section 4 reports a summary of the study on using 
SEM, micro-CT and the experimental testing to characterize the morphology, internal geometiy, 
mechanical property and biological compatibility of the as-fabricated scaffolds, followed by a 
conclusion and discussion in Section 5. 

2. System Configuration for Precision Extruding Deposition 

2.1 Precision extiuding deposition (PED) system 

A Precision Extinding Deposition system developed at Drexel University [17] was used 
for this study. A schematic configuration of the lED system is described in Fig. 1. The hardware 
component consists of an XYZ position system, a material exti^lder system, and a temperatiire 
conti-ol system. The software component consists of a data processing software and a system 
conti-ol software. The data processing software slices the STL files and generates the process 
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toolpath. The system control software controls the material deposition according to the process 
toolpath to form a layered 3D object. 

Designed 
Scaffold 

(STL)^ 

IIFgftSgflQSHDM 

Scaffold 

Fig.l: Configuration of the PED fabrication system 

The material mini-extmder system deliveries the PCL in a fused form through the 
deposition nozzle. The major difference of the PED process with the conventional FDM process 
lies in that the scaffolding material can be directly deposited through PED process without 
involving filament preparation. The pellet-formed PCL is fused by a hquefier temperature 
provided by two heating bands and respective thermal couples and then extmdes by a pressure 
created by a turning precision screw. A schematic of the material mini-extruder system is shown 
in Fig. 2. 

Liquifier 

Worm-gear set 

Material inlet 

Heating bands 

Thermal couple 

Nozzle tip 

Fig.2: Schematic of Material Mini Extruder 

To achieve deposition accuracy, the positioning system and tiie material mini extruder are 
synchronized as depicted in Fig. 3. The material deposition roads (of both contouring and raster 
filing) consist of series of line segments, so the extruder movement is composed of a series of 2 
D linear interpolations upon which a simultaneous proportional signal to the XY position is 
extracted.   The   signal   is  used  to  drive  the  rotating  motor  of the  material   extinder.   The 
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proportional ratio can be adjusted to coordinate the positioning system and material dispensing 
system according to its controlled movement, speed, and material extrusion flow rate. 

V=r-V(x,y) 

V(x,y) 

i> Extruder Axis 

XAxis 

YAxis 

Fig. 3 Synchronization of positioning and material dispensing system 

Fig. 4 shows the information pipeline during the fabrication process. The designed 
scaffold CAD model is first converted hto STL format, and then sliced with each slice patterned 
stored in the pattern library for toolpath generation. Initialized by a parameters file, the in-house 
developed system control software provides fiinctions for 3D part visualization, machine and 
process setup, testing and monitoring during the real-time fabrication process. 

CAD and Data Processing 

>w •s 
Patterning for 

scaffold internal 
architecture 

CAD based 
scaffold geometry 

Conversion to 
STL format 

Generate slice 
Layers  > ■   ^ 

Prepare scaffold 

fjystffm control 

Define fabrication 
process parameters 

3D visualization of 
parts wfitfi 

contoured patterns 

Ctieck fabrication 
parameters and 
operations test 

Setup IVIachine 
for fabrication 

Machine and process 

i 
Control System 

Temperature 
XYZ positioning 
Material extruder 

FED System 

Fabrication Process E—^ Scaffold 
model 

Fig. 4: Information process of the manufacturing system 

3. Materials and Process 
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Poly e-Caprolactone (PCL, Sigma Aldrich Inc, Milwaukee, Wisconsin) in the form of 
pellets was used as the scaffolding material. PCL is a semi-crystalline aliphatic polymer that has 
a slower degradation rate than most biopolymers in its homo-polymeric form. It has a low glass 
transition temperature at -60°C, a melting temperature at about 58°C - 60°C, and a high thermal 
stability. It has a high decomposition temperature Td of SSO^C. The mechanical properties of 
PCL (Mw = 44,000) with a tensile strength of 16MPa, tensile modulus of 400MPa, flexural 
modulus of SOOMPa, elongation at yield of 7.0%, and elongation at break of 80% have been 
reported. 

A designed scaffold cylinder model, measuring 20mm in diameter and 1,0mm in height, 
was first created in a CAD format. This cylinder CAD model was converted to a STL format 
then sliced into layers. Each layer was then filled with the designed scaffold pattern to generate 
toolpath file. The strands of PCL were extruded in four distinct layer patterns: (f, 90°, 60*^, and 
120° (designated PI, P2, P3 and P4, respectively), or altemating layers of 60°/120° with different 
gap lengths between the strands. The definition of scaffold layout pattern is shown in Fig. 5: 

Slice       JE 
Thickness 

Layer 
Gap 

Road 
width 

Top: pattern definition 
Top right: 0/90 pattern 
Bottom Right: 0/120 pattern 

Fig. 5: Definition of scaffold Layout pattem 

4. Evaluation of morphology, mechanical and biological properties 

4.1 Results of scaffold fabrication 

A set of PCL scaffolds was fabricated using the PED system. The following processing 
parameters were used for all scaffold fabricatioir the processing hquefier temperature 90°C, the 
orifice diameter of the tip 0.25 mm, and deposition velocity at 20mm/s. The filling gaps of 0.42 
mm and 0.51 mm were applied for two different sets of scaffolds. For each scaffold, there are a 
total of 39 layers with each layer thickness at 0.254 mm. The scaffold patterns were either 0790° 
(3 samples), or 07120° (3 samples), or combined 07120° (for top 19 layers) and 0°/90° (for 
bottom 20 layers) pattem. 
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4.2 Evaluation of morphology, mechanical and biological properties 

The effect of the PED process on the morphology and structure of the as-fabricated 
scaffolds were evaluated using SEM and Mirco-CT. The compression tests were also conducted 
to   evaluate   the   mechanical   strength   of   the   as-fabricated   scaffold.   Preliminary   biological 
experiments were also conducted to evaluate the biocompatibility of the scaffold. Descriptions of 
the evaluations, results and experimental procedures are presented as follows. 

SEM imaging characterization 

FEI/Phillips XL-30 Field Emission Environmental Scanning Electron Microscope 
(ESEM) was used to evaluate the micro-stmctural formability and internal morphologies of as- 
fabricated scaffolds. The SEM images were taken by using a beam intensity at 20.0 keV and the 
Gaseous Secondary electron detectors at 1.3 Torr. The SEM images of scaffolds are shown in 
Fig. 6(a) (for 0790° deposition pattern) and Fig. 6(b) (for 07120° deposition pattern), along with 
the images of the as-fabricated scaffolds. Both SEM images clearly present that the fabricated 
micro-architecture of the scaffolds could be achieved at about 250 ^m scale level. The good 
uniformity of the fill gaps and the depositing stmts shown in Fig. 6, and the internal pore 
connectivity shown in Fig. 7 demonstrate the applicability of using the PED process to fabricate 
PCL scaffolds at micro-scale level. 

(a) 07120° layout pattern (b) 0°/90° layout pattem 

Fig. 6: SEM image scaffold with different layout pattem 

;    '':f-^\™^ ... 

Fig. 7: SEM image (section view) of internal pore connectivity 

Micro-CT imaging based 3D morphological characterization 
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Micro-CT enables 3D characterization of the salient features, the structural formability 
and the morphologies of the as-fabricated PCL scaffolds. The micro-CT was set at 19.1 micron 
resolution. 2D analyses and 3D reconstructions of core regions of the sample scaffolds were 
performed. These results illustrate that qualitative and quantitative analysis of polymer scaffolds 
is possible tiirough micro-CT and 3D reconstruction techniques. 

Micro-CT imaging acquisition: SkyScan 1072 micro-CT desktop scanner (Skyscan, 
Belgium) was used to scan the internal architecture of the scaffold. The output format for each 
sample was approximately 500 serial 1024x1024 bitmap images. These slice images were 
analyzed in SkyScan's Tview software. Initially, length measurements were taken around the 
sample to determine the degree to which the sanple conformed to the cylindrical template. 
Volume analyses were performed on the center of each sample. Volume fraction and surface per 
unit volume were determined in 3D analysis, and relative area was measured in 10 randomly 
selected slice images in 2D analysis. 10 strut and pore widths were measured in 2D images from 
each sample. 

3D reconstruction: 3D reconstruction was performed using Mimics software 
(Materialise, Belgium) with pre-processing using hnageJ. 62 sequential 200x200 pixel images 
were cropped from the serial images from the center of each sample. Imported into Mimics, 
these serial core images were reconstructed into 3D volumetric models. Thresholds were 
inverted to allow measurement of the volume of all pore spaces within the model. Subsequently, 
a region-growing operation was performed, creating a mask consisting only of interconnected 
pore spaces. Volume for this region-grown mask was determined and the ratio of region-grown 
volume to the total volume was calculated. The percentage of this ratio is defined as the degree 
of interconnectivity. 

A summary of data retrieved from the analysis through Tview is displayed in Table 1. The 
results also include the measurements of individual strut and pore widths based on the 2D serial 
slice imaging. 10 measurements were taken for each sample in this analysis. 3D reconstructed 
models by using Mimics are displayed in Table 1 with a sample of corresponding 2D images and 
the characterized porosity and interconnectivity of each sample. Results of micro-CT imaging 
based 3D reconstruction, porosity and interconnectivity analyses are shown in Fig. 8. 

Table 1: Summary of the micro-CT morphological analyses 

Sample SP-1 SP-2 SP-3 SP-4 
Max./Min. Diameter (mm) 19.74/18.79 19.62/18.59 19.44/18.51 19.56/18.57 
Surface (mm"^) 
Rel. Area 

9219 
60.89% 

20854 
55.8% 

18936 
47.28% 

10036 
44.24% 

Total Volume (mm"*) 
Vol. Fraction 

490 
60.8% 

1004 
53.1% 

957 
47.4% 

458 
45.1% 

Strut width (n=10, mm) 0.264 ± .023 0.264 ± .023 0.270 ± .019 0.250 ± .034 
Pore width (n=10, mm) 0.196 ±.054 0.210 ±.089 0.254 ± .034 0.292 ± .04 
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Porosity: 39.11% 
Interconnectivity: 

98.16% 
(SP-1) 

Porosity: 44.2% 
Interconnectivity 

99.04% 
(SP-2) 

Porosity: 53.6% 
Interconnectivity: 

99.59% 
(SP-3) 

Porosity: 54.9 % 
Interconnectivity: 

99.43% 
(SP-4) 

Fig. 8: Micro-CT imaging based 3D reconstruction, porosity 
and interconnectivity analyses 

Compression Experiment 

The Instron 5800R machine was used for the test of as-fabricated scaffold. The initial 
strain rate of the tests was adjusted to 10% per minute at the beginning of the test and no preload 
was applied before initiating compression testing. Standard soHd compression platens were used 
for testing. Stress-Strain data were computed from Load-Displacement measurements. 
Compressive modulus was determined based on the slope of the Stress-Stain curve in the elastic 
region. The data was corrected on the Strain axis to a value approximately 0.025 for calculating 
the compressive elastic modulus of the scaffold. The stiffiiess of the machine was also put into 
the calculations to decrease machine error. 

Three SP-2 specimens were tested under compression to a limit of specific compressive 
displacements. The PCL specimens were measures for their dimensions for accurate area 
calculations. The scaffolds were cylindrically shaped with minute irregularities on the 
circumference wall due to specimen processing. The samples were tested at a speed of 0.1 
mm/minute at a room temperature of 24 C with a relative humidity of 15%. The average data of 
the test results is plotted in Fig. 9. 
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Fig. 9: PED as-fabricated scaffold stress-strain curve under compression test 

Preliminary Biological Experiments 

Preliminary biological experiments have been conducted to study the basic scaffold 
biocompatibility. These experiments vi^ere intended to address the issue of free radicals caused 
by heating of the polymer and whether these radicals would be detrimental to cell groMlh. 
Another question was whether the pore size of approximately 250 microns would be conducive 
to cell growth alone or would require a filler material. 

Cardiomyoblasts (H9C2) were seeded onto three sets of 90° scaffolds, one set with no 
filler material, one with collagen filling the pores, and one with fibrin gel fiUing the pores. Initial 
seeding si2e was approximately 10^. All samples showed cell attachment to the scaffold at five 
days, and a monolayer of cells atop the scaffold sample. Displayed in Fig. 10 are (from left to 
right), a scaffold without filler material, a scaffold with fbrin gel filler, and a close-up of a single 
fibrin filled pore. The confluence of the monolayer atop the scaffold at 5 days indicates 
uninterrupted cell grov^lh. We feel this illustrates a proof of concept and that the PCL scaffold 
post-heating is not immediately detrimental to seeded cells. 

Fig. 10: Results of preliminary biological experiments 

The presence of a material greatly enhanced proliferation and differentiation of cells, as 
indicated by the visible cellular processes in the figure. This would indicate a 250 micron pore 
size may be too large alone to optimally enhance cardiomyoblast growth. While 250 microns is 
ideally suited for the free diflflision of oxygen, the cells were unable to cross the pore spaces 
without the presence of a fibrin gel filler material. Currently, quantitative proliferation and 
attachment studies are being performed for three cell types with cytofluorimetry, fluorescence 
microscopy, and immunofluorescence as methods of analysis. 
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For the comparative proliferation study, 10'' cardiomyoblasts, fibroblasts, and smooth 
muscle cells were seeded upon 90° PCL scaffolds of 1 mm thickness without filler material. Cell 
numbers were measured using Alamar blue staining and cytofluorimetry. Initial results showed 
that anchorage-dependent cells such as fibroblasts are better able to take advantage of the 
scaffold microarchitecture without a filler material. The fibroblasts attach to the surfaces 
preferentially compared to polystyrene and progressively grow into the porespace, narrowing the 
channel. Qualititatively, the ingrowth of the fibroblasts is such that it may close off pores 
completely. While the sample scaffolds for this proliferation study were thin (1mm), the 
fibroblast ingrowth may reduce nutiient fiow in thicker scaffolds. FoUowup stiidies are 
underway focusing on fibroblasts, examining long-term growth, tiie occurrence of pore closure, 
and the effects of scaffold thickness on proliferation. 

5. Conclusions 

A stiidy on using Precision Extiuding Deposition (FED) process to fi-eeform fabricate 
cellular Poly-s-Caprolactone (PCL) scaffolds and on using SEM, micro-CT and the experimental 
testing to characterize the morphology, intemal geometry, mechanical property and biological 
compatibility of the as-fabricated scaffolds were conducted. Both hardware and software 
configuration of the FED process system was described and the PCL scaffolds with controlled 
intemal architectures were produced. Results of the characterization demonsti-ated the capability 
of the FED fabrication process in manufacturing the PCL scaffolds with microstiaictiire and pore 
size at about 250|.im scale. This process directly fabricates tissue scaffolds by converting 
designed architecture into layered deposition pattern without involving the material preparation 
and in-direct casting, thus opens opportunities for complex scaffold fabrication. 

Results of the characterization also shown that micro-CT is a capable tool for 
nondestitictive evaluation of PCL scaffolds. The use of 2D analysis and 3D reconstruction 
software allows the examination of morphologies, intemal architecture, the interconnectivity of 
as-fabricated tissue scaffolds, and provides a quantitative measurement of porosity and micro- 
architecture. As shown in the analysis, a typical pore size of the fabricated scaffold range fi-om 
200-300 microns, near the optimal size suggested for bone tissue scaffold application. In 
addition, Stint width is consistent between samples, all samples showed greater than 98% 
interconnectivity. The scaffold compression modulus obtained fi-om the test is in the ranging 
between 150 ~ 200 MPa. The preliminary result of biological experiments demonsfrated the 
biocompatibility of the process and material, and also suggested larger spaces for fiirther 
investigation and improvement. All these suggest the viability of the fabrication and the 
characterization process, as well as its potential applications in tissue engineering. 
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Abstract 

Selective Laser Sintering (SLS) has been used to make a fiber management module 

having very small feature size and ratios. Currently these modules are made out of 

Stereolithography using standard epoxy acrylate materials. SLS has been chosen to make 

these modules by the virtue of the material system it offers. The material system was chosen 

based on the flame retardant properties. The material used for this study is a Duraform^'^ 

Polyamide and Alumina-Ammonium Phosphate system. Ammonium Phosphate served as the 

binder in the Alumina-Ammonium Phosphate system. Experiments were done in order to find 

out the minimum feature size possible with the two material systems. Minimum hole 

diameters and maximum possible 1/d ratios are determined by particle size, shape and 

processing conditions. Builds were made in different directions to understand the effect of the 

various processing parameters on the system. One particularly noteworthy observation was 

that part growth as a proportion of hole diameter became increasingly significant as hole size 

decreased. Optical microscopy was performed to measure the hole diameters and also to 

reveal the surface roughness. Results indicate material system determines the minimum 

diameter of micro-sized holes that can be effectively manufactured using Selective Laser 

Sintering. 

Introduction 

Selective Laser Sintering is a layer based manufacturing process. Successive layers 

of powder are deposited one above the other and the powder surface is raster scanned with a 

high power laser to achieve the desired geometry. The ability to manufacture any shape and 

geometry using Selective Laser Sintering has been well discussed in books and literature [1]. 

The current study focuses on manufacturing small sized features using three different 

material systems having flame retardant properties. 

Initially Stereolithography was used to manufacture the desired geometry. Layers of photo- 

curable polymer are deposited fi-om a vat and selective solidification is carried out by 

scanning with a laser beam. At a later stage the parts are flood exposed to UV light for 90 

minutes to complete UV curing and is subjected to post thermal curing steps to achieve 

desirable properties of the material. The primary problem associated with Stereolithography 
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is using flame retardant polymers. In order to overcome this problem Selective Laser 

Sintering was selective as a viable technology based on the wide variety of material choices 

offered. 

Objectives 
1. The primary objective is to achieve hole diameter compatible with standard optical 

fibres. 
2. Usage of flame retardant materials meeting UL 94 VO standards. 

The geometry of the Optical connector is as shown. 

Material Requirements 
The following are the material properties required in the manufacture of optical 

connectors. 

Property 

Glass Transition 

Temperature 

Moisture Absorption 

Tensile Elongation at Break 

Tensile Modulus 

Tensile Strength 

Requirement 

120-130C 

<1% 

3-4 % 

350-450 Kpsi 

7-8 Kpsi 

Test Method 

DMA 

ASTM D570 

95 % RH @ 600C for 14 

days 

ASTM D638 

ASTM D638 

ASTM D638 
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# 

Impact Resistance 0.4-0.6 ft-lb/in ASTM D256 

Heat Deflection 

Temperature 
> 1200C at 256 psi ASTM D648 

Vibration Resistance No cracks 
10to55HzperETA/TIA 

FOTP 

Table 1. Material Requirements 

UL 94 VO flammability standards 

This covers tests for flammability of plastic materials used for parts in devices and 

appliances. The standard consists of two tests which are Horizontal burning test (Ref 2) and 

the Vertical burning test. Table 2.0 shows the classification of materials as VO, VI and V2 

based on the afterflame and afterglow times. 

Criteria 

Conditions 

V-0 V-1 V-2 

Afterflame       time 

for each individual 

specimen 

<= 10s <=30s <=30s 

Total       afterflame 

time       for       any 

condition set 

<=50s <- 250s <= 250s 

Afterflame        plus 

Afterglow        time 

after second flame 

<=30s <=60s <=60s 

Afterflame          or 

afterglow    up     to 

holding clamp 

No No No 

Table 2. Flammabiltiy Criteria 

Afterflame time is defined as the length of the time for which a material continues to flame 

under specified conditions, after the ignition source has been removed. Afterglow time has 

been defined as the length of time for which a material continues to glow under specified test 

conditions after the ignition source has been removed and or cessation of flaming. 

Materials Chosen 
Based on the above material properties needed the following 3 material systems were 

chosen 
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1. Durafomi™Polyamide 

2. Alumina and Ammonium Phosphate 

3. Alumina and Duraform ™ Polyamide 

Duraform ™ Polyamide is a nylon based material and copyright of 3d Systems. It is one of 

the most widely used materials in Selective Laser Sintering Duraform ™ and is used to build 

rugged durable thermoplastic parts and withstand aggressive functional testing. The table 

below gives a comparison of the properties of Duraform ™ and the required properties. 

Property 

Glass Transition 

Temperature 

Moisture Absorption 

Tensile Elongation at Break 

Tensile Modulus 

Tensile Strength 

Impact Resistance 

Heat Deflection 

Temperature 

Vibration Resistance 

Flammabilty 

Requirement 

120-130C 

<1% 

3-4 % 

350-450 Kpsi 

7-8 Kpsi 

0.4-0.6 ft-lb/in 

> 1200C at 256 psi 

No cracks 

UL 94 VO standards 

Duraform TM 

185C 

<0.41% 

9% 

220 Kpsi 

6.2Kpsi 

4 ft-lb/inch 

168Cat66psi, 64Cat 

264psi 

UL 94 V2 standards 

Table 3. Duraform Properties 

Duraform ™ Polyamide satisfies all the requirements except for flammability. The tensile 

strength and tensile modulus as seen from the graph are slightly less than the required. 

In the alumina-ammonium phosphate system, the ammonium-phosphate acts as the 

binder. This system is primarily chosen because of its ability to withstand high temperature, 

high density attainable, low shrinkage and good surface finish. 

The optimum binder weight lies at 20% where shrinkage attained is minimal [3]. The 

melting point of Ammonium phosphate is around 190C and that of Alumina is around 2045C. 
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Based on the experiments done by Lakshminarayan and et al. the composition of the blend 

was 50 % by wt Alumina having a particle size of 70 i^m, 25% by wt Alumina having a 

particle size of 10 |j,m and Ammonium phosphate having a particle size of 50 [xm. The above 

blend provides the least shrinkage as compared to other particle sizes used. 

The third material system used was alumina and Duraform system. Here the 

Duraform acts as the binder and Alumina as the base material. The optimum weight 

percentage of the binder is found to be between 20% and 30% by weight [1]. 

Initial Experiments 
Experiments were done in order to find out the minimum hole diameter that is 

possible with the Duraform powder. A number of process parameters affect the Selective laser 

sintering process. The black box model of Otto and Wood [5.] is applied to the SLS process 

and all the parameters are classified as Performance variables, tuning variables, design 

variables and noise variables. The black box model is applied to the selective laser sintering 

process as shown in Fig 1. 

Tuning Variables 

Laser Power 

Part Bed Temperature 

Feed Bin Temperature 

Layer thickness 

Downdraft Flow 

Noise Variables 

Humidity 

Environment 

Design Variables 

Laser Beam Diameter 

Density 

Thermal Conductivity 

Thermal Diffusivity 

Specific Heat 

Performance Variable 

Minimum Feature size 
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Figl. Black Box Model of SLS 

B^sed on all the above parameters standard values were chosen for a simple geometry to find 

out the minimum hole diameter possible. The process parameters are given below 

Process Parameters Value 

Laser Power 5.5W 

Fill Scan Speed 49.5 in/s 

Bed Temperature 160 C 

Layer Thickness 0.004 in 

Outline Scan Speed 11.0 in/s 

Table 4. 

Results & Discussion 
A simple geometry having holes of varying diameter and length is fabricated. The 

following graph shows the intended hole diameter and the actual measured diameter. 

4 

3.5 

3 

2.5 

2 

1.5 

1 

0.5 

0 

Intended Hole Diameter vs Actual Hole Diameter 

Actual Hole Diameter in mm 

0.5 1.5 2 2.5 3 3.5 
Intended Hole Diameter in mm 

4.5 

Fig 2. Graph of Intended Hole Diameter vs Actual Hole Diameter 

The hole diameters were measured using Optical microscopy. From inspection of the 

graph, it is evident that shrinkage increases as the hole diameter decreases. The minimum 

hole diameter possible with the Duraform system was 0.52 ± 0.02 mm. The shrinkage for a 

intended hole diameter of 1.0mm was 48 %. Holes below 0.5mm are fully infiltrated with 
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powder. As a result it is not possible to measure the diameter. All the holes tested are straight 

and built in the vertical direction. Incorporating shrinkage pattern in the hole diameter it is 

possible to manufacture the required hole size. 

The diameter of the hole with respect to 1/d ratio is shown below. A set of 3 

measurements were taken at the bottom, middle and top part of the cross-section of the pipe 

for all the material-systems and is shown in Figures 2, 4 and 7. The standard deviation 

indicates the overall variation of the diameter. It is seen that as 1/d ratio increases there is 

lesser variation in the hole diameter. The significance of this is that it is possible to maintain 

concentricity of hole for long straight pipes. The minimum hole diameters possible is 

different for different material systems. The following photographs show hole diameter as 

measured by an optical microscope. 

L/D ratio vs Mean Diameter 

0.80 0.90 
Diameter in mm 

1.10 

Fig 3. Feature size 
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Fig 4. Hole Diameter with Error Bars 
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Fig 5. Photographs of Straight Pipes 

Hole Diameter for curved pipes 
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Photo 1 Photo 2 

Fig 6. Photographs of Curved Pipes 

The same amount of growth effect was incorporated for curved pipes. The results are 

shown below. 

Curved Hole Diameter 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 

i 1 

10 12 14 

Fig 7. Curved Hole Diameter with Error bars 

The most common problems encountered were growth effect, surface finish and 

powder removal. Growth occurs as powder sinters along the part, blurring features altering 

part dimensions and visibly apparent on small features such as holes. Growth effects can be 

taken into account by the above discussed method. Surface finish is affected by the particle 
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size of the powder, build direction and packing density of the powder. The best surface finish 

is achievable when virgin powder is used. Surface finish tends to degrade on repeated use of 

the old powder. Streak lines are noticeable on the part when it is built in the horizontal 

direction. Streaking primarily occurs because the Duraform powder is too hot and tends to 

stick to the roller. One approach to avoid streaking is to reduce the feed bin temperature by 3 

or 4 degree centigrade. Powder can be removed either by vacuuming or blowing it using a 

sand blaster. For holes smaller than 1mm diameter the friction coefficient is rather high 

between the loose powder particles and the inner surface of the hole. This creates difficulty in 

removing the powder. The powder is basically removed by using steel wires of varying 

diameters. Smaller wire diameters loosen the powder and the bigger wires are used to remove 

the powder. The hole diameter is then verified by passing an optical fibre through the 

connector. 

The second material system tried was Alumina-Ammonium phosphate system. In this 

system the binder is Ammonium phosphate. The parameters chosen are as follows. 

Parameter Value 

Laser Power 20 W 

Scan Speed 4cm/s 

Bed Temperature 21 OC 

Layer Thickness 0.2mm 

Scan Distance 0.5mm 

Table 5. Parameters for Alumina-Ammonium Phosphate System 

The major problems associated were crumbling of the part, achieving right particle 

size and blending of powder. The weak porosity of the part resulted in crumbling of the 

optical connector as a result no dimensions of the parts could be obtained. The reason behind 

the weak porosity is incorrect binder particle size. The binder particles were slightly greater 

than those that were given in the literature and resulted in incomplete bonding of the alumina 

to Ammonium phosphate. 

The third material system that is tried out is the Duraform - Alumina system. Here 

Duraform acts as the binder for the alumina particles. A mixture consisting of 78 % by weight 

of Alumina and 22 % by weight of Duraform is prepared. The processing parameters are 

the same as that of Duraform alone apart from lowering the feed bin temperature to prevent 

glazing effect. One of the primary concerns in this material system is also powder removal. 

The diameter measured for this material system is 1.02 ± 0.02 mm. 
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Conclusion 

It is possible to achieve small scale features using Duraform to manufacture optical 

connectors. The shrinkage measurements were done only for straight pipes. Curved pipes 

exhibit considerably more growth and further study needs to be done to understand them. 

Incorporating growth effect of straight pipes to that of the curved pipes works only to certain 

extent. Understanding the phenomenon of growth for different material systems it is possible 

to make virtually any complicated hole structure without sacrificing accuracy and hole 

tolerances. 
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POST-PROCESSING OF DURAFORM^M PARTS FOR RAPID MANUFACTURE 
H. Zarringhalam and N. Hopkinson 
Wolfson School of Mechanical and Manufacturing Engineering, Loughborough University, UK 

Abstract 

In recent years layer manufacturing processes have evolved from Rapid Prototyping (the 
production of pre-production prototypes) to Rapid Manufacture (the production of end use parts) 
where limitations of the processes do not affect end use. There is no doubt that applications for 
Rapid Manufacture will grow in coming years, however there are a number of current limitations 
that will need to be addressed so as to maximise the scope for Rapid Manufacturing applications. 

One of the main limitations for the adoption of Rapid Manufacturing is material properties of the 
parts produced. This research has looked at the possibility of increasing the range of material 
properties that may be achieved from parts made using current commercial Laser Sintering 
systems. 

A series of tensile and impact test parts were built using Duraform™ powder on a SDSystems 
Vanguard machine. These parts were then subjected to various form of post-processing including 
thermal treatment and infiltration with polymer infiltrants. The parts were subjected to tensile 
and impact tests with results showing that thermal post-processing achieved preferable results 
when compared with infiltration. Heating above the glass transition temperature yielded superior 
results though as the melt temperature was approached issues of deformation arose. These initial 
results have formed the basis for further work to consider how material properties for Rapid 
Manufacture by Laser Sintering may be improved. 

Keywords 
Rapid Prototyping, Rapid Manufacture, Selective Laser Sintering, Post-processing, Material 
properties. 

Introduction 

Rapid Prototyping (RP) is a relatively new family of technologies which emerged in the late 
1980's. Wohlers Report 2000, defines it as: "A special class of machine technology that quickly 
produces models and prototype parts from 3-D data using an additive approach to form the 
physical models." [1] 

Currently all commercially available RP processes build parts layer by layer. Thin, essentially 
2D, cross sections of the part are built one on top of the other enabling parts to be built with 
geometries often impossible to achieve by machining and other methods. Such geometries 
include intricate internal structures, parts within parts, and very thin-wall features which are just 
as easy as building a simple geometry such as a cube. 
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Another important characteristic of RP processes is that they need no part specific tooling to 
produce parts. The manufacture of tooling for conventional manufacturing processes is 
expensive and time consuming. The lack of tooling therefore means RP processes can offer 
advantages from both time and direct cost points of view. 

As the technology evolves production of parts for end use is becoming possible, rather than just 
for prototypes. Where RP technology is used to build parts for end use, the term 'Rapid 
Manufacturing' (RM) arises. RM has already found numerous uses for production of parts in 
relatively small quantities and where production of certain geometries is not feasible with 
conventional methods. Examples include Hearing-aid bodies [2], air handling systems [3] and 
electronics housings for Formula One cars [4]. 

The use of RP technology for RM is currently limited by a number of issues, and many of these 
relate to the physical properties of the parts. Parts tend to be weaker than parts made by 
conventional methods such as injection moulding, even when using the same materials. Also, 
repeatability of material properties is a serious issue with values varying throughout individual 
parts and between different parts according to the position within the build volume. 

In order for RM to become more widely used the parts will ideally have at least the strength of 
parts made by conventional methods. This project looks at methods of post-processing to 
improve the mechanical properties (tensile and impact) of parts built from Duraform^w Nylon 
using the Selective Laser Sintering (SLS) process with the aim of facilitating the use of the 
material more widely in RM. The SLS process has been selected due to the versatility of the 
system and the wide range of materials available. Also important was the fact that many 
companies hoping to implement RM methods have already expressed particular interest in the 
SLS process and that it is already used in various industries to create end use products. 

Theory & Analysis 

Powder metallurgy (PM) has fundamental similarities with the SLS process. Both involve 
creating solid objects from compacted powder material using sintering/heating processes for 
bonding of the particles. Considering the similarity between the two, a logical progression can be 
made by applying basic PM principals to SLS: Parts made by such processes will usually contain 
voids or porosity and as such will be less dense than if there were no voids or porosity. A part 
with zero voids or porosity can be expressed as having 100% theoretical maximum density. The 
higher the density, the greater the part's tensile strength, elastic modulus and toughness. As such, 
the denser the part, the higher the 'strength'. 

There are two main factors that cause decreased strength with lower densities. At densities less 
than 80% of maximum density, the size of inter particle bonds is the main factor and at densities 
of over 80% it is the pore size, shape and spacing which becomes the predominant factor [5]. 
This relates to the fact that porosity may consist either of a network of interconnected pores or of 
sealed holes, and that interconnected pores are generally found with densities less than 80% of 
maximum density [6]. This has major implications for infiltration since the material must be less 
than 80% dense otherwise infiltration will be unlikely to occur much further beyond the surface. 
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By accurately measuring and weighing a cube sintered on the same SLS machine as the other 
parts and with the same build parameters, the density was found to be 87%. This was based on 
measured density of 0.96 g/cm^ compared with a quoted maximum density for Duraform™ of 
1.10g/cm^[7]. 

Most materials generally contain structural imperfections and small cracks or voids. The 
presence of such voids causes high local concentrations of stress. It is mentioned above that, 
with parts made by SLS or PM, at different densities the voids will either be a network of 
interconnected pores or of sealed holes. It can be shown theoretically and practically that voids 
in the shape of circles (sealed holes) cause significantly less stress concentration than voids 
consisting of long 'cracks' [8]. This suggests why increased density would result in a tougher 
material. 

Figure 1 shows a representation of particles of Duraform™ nylon modelled as contiguous 
spheres. They are drawn within cubes to indicate how they would be arranged cubically. This 
model was chosen for simplicity and would not represent the true packing characteristics, 
however it is sufficient for this explanation. The inter particle area of contact is shaded and it is 
shown that as the spheres become compressed, hence denser, the particles press against each 
other and deform and hence the area of contact increases (right). Also, it shows that as density 
increases, the free space, hence pore size, also decreases. It can be seen that in the loosely 
packed state the porosity is interconnected while in the tightly packed state the porosity takes the 
form of sealed holes. The arrows represent equal tensile forces being applied 

Figure 1. Inter particle contact area of loosely packed (left) and tightly packed nylon (right) 

Under tensile loading the stress can be calculated simplistically by: 

Stress (CT) = Force applied (F)/ Cross sectional area (A) 

This shows that the higher the density is, the higher the total cross sectional area will be 
and hence the lower the stress within the material will be under the same applied load. Therefore 
the tensile strength of the material will be higher. Sheer strength and toughness would be 
affected in the same way. 
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When a semi-crystalline polymer such as Duraform™ is heated beyond its melting point (Tm = 
184°C) it behaves like a highly viscous liquid 

It is currently common practice to infiltrate the surface of SLS parts with 'Superglue' which 
allows a higher quality surface after finishing. Since this is a widely used method of post 
processing, this and other common infiltrants were investigated to assess their impact on physical 
strength properties of parts. 

Methodology 

The project consisted of the following practical stages: 
1. Production of parts 
2. Initial post processing and tensile/impact testing 
3. Simple analysis of initial results 
4. Further post processing and testing 
5. Analysis of further results 

The SLS Build process is outlined below: 

1. Thin layer of heat-fusible powder deposited in part-build cylinder 
2. Laser 'traces' cross-section matching corresponding layer in STL file, bonding particles to 
each other and adjacent layers 
3. Roller mechanism deposits another powder layer 
4. Platform in part-build cylinder moves part downwards a layer and process repeats. 
5. Part removed and loose particles shaken off 
6. Post-processing if required, such as infiltrating with superglue for improved surface finish. 

The SLS machine used in this project was a 3DSystems Vanguard and the material was 
Duraform™ powder. Duraform™ is based on Nylon 12, a commonly used thermoplastic used in 
injection moulding and other plastics forming methods. 

As mentioned above (step 5), the parts were removed from the SLS machine as a 'powder cake' 
containing the sintered parts held in the compacted but unsintered powder. While the parts were 
being removed from this 'cake' they were carefully numbered and photographed to record their 
position and orientation within the build volume. 

As mentioned earlier, part properties vary throughout the build volume but using data generated 
by other research [9] compensation factors where generated which theoretically eliminate the 
effects of property variation as a factor of part bed distribution. The data available was for 
positions across the 'face' of the build but not for different depths. However, the build of parts (3 
horizontal layers) and selection for each variation of PP meant that for each variation there were 
6 parts used, from 2 locations across the face of the build, each with 3 parts, one from each 
height. Because of this, effects of property variation due to different build heights were 
practically eliminated. In addition, although compensation factors were used, the selection of the 
2 locations on the face of the build for each variation was carried out to ensure an even 
'distribution' as much as possible, so that, for example, if the first location was central then the 
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second would be near the edge. These steps were essential to stop factors relating to build 
position interfering with the results of the post processing. 

It is common practice for unsintered powder from the 'powder cake' to be mixed with virgin 
powder for further use to minimise waste. However, since this is a potential source of variation 
only virgin powder was used in this project. 

Conventional heating was carried out in a Zwick temperature chamber using a controlled heating 
and cooling cycle to avoid potential issues of thermal shock. Thermocouples placed in the oven 
were used to measure temperatures rather than having them attached to parts. This was done 
primarily due to the need to maximise the use of the limited parts from a single build and that a 
significant number of parts would be un-testable if they had thermocouples attached. It was 
considered acceptable since all parts were heated in the same positions hence for the purpose of 
an 'initial' relative comparison' there should be no problems. In addition the small internal 
volume of the oven and high rate of air circulation should theoretically result in a relatively even 
temperature distribution compared with other conventional ovens. 

Initial testing suggested further processing by varying heating times beyond 1 hour with 
temperatures in the approximate range of just below the glass transition temperature to as close to 
the melt temperature as possible. Table 1 shows the temperatures and times that parts were 
subject to after building on the SLS machine. The temperatures selected for the 3 hour heating 
were based on initial results from 1 hour heating. 

Time (Hours) - Pemperature (°C;; I 
155 165 175 180 183 

1 • V V V V 

3 ^ ^ V 

Table 1. Heating parameters employed for post-processing 

Infiltration was performed using 'Superglue' (Loctite 406), 'Thomsons Water Seal' (for sealing 
bricks/mortar against moisture ingress), and 'MDF sealer' (for protecting MDF wood). These are 
all polymer based. Due to the Superglue's high cost per volume and low viscosity the method 
used was to place the parts on a rack and place drops of the liquid along the faces which spread 
evenly on its own. This took place in an extraction bay because of irritant fumes. For the 
'Thomsons' and MDF sealer the parts were submerged in the liquids for durations of 2mins, 1 
hour and 24 hours. 

Initial testing suggested further processing by infiltrating with Superglue and Thomsons, but not 
MDF sealer. 

Testing was carried out as per ISO standards as follows. 

Impact testing: 
Tensile testing: 

BS EN ISO 180:2001 
BSI EN ISO 527-1:1996 
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The impact tests were notched Izod and the notches were 'built in' to the STL file. 

Results & Discussion 

Methods of post processing are compared with 'original' un-post-processed parts from the same 
build and textbook values for Nylon 12 (equivalent to Duraform™) and Nylon 6 (another very 
widely used Nylon). Mean values for each set of 6 samples are shown on the graphs as well as 
the max/min range. 

Figure 2 shows the effects of post-processing on the impact strength of parts. Conventional 
heating yielded significant improvement especially with higher temperatures and longer times. 
Improvements from 180°C to 183°C were significant given the small increase in temperature. 
Heating at 183°C for 3 hours resulted in an improvement in impact strength of 60% over standard 
Duraform'^'^ parts and at a value over that for Nylon 6. However the melt temperature is 184°C 
and hence at 183°C the parts deformed considerably (see Figure 3). All methods of infiltration 
resulted in slight increases in impact strength over standard Duraform''"'^ parts. Shorter soak 
times for Thomsons resulted in marginally higher values than the longer soak times though the 
relatively high spread compared with this increase means this finding is not conclusive. 
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Figure 2. Impact strength results 
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Underside of part rested on wire rack cross-section of part rested on a metal tray 

Figure 3. Deformation of parts lieated to 183°C for 3 hours 

Figure 4 shows that Young's Modulus for standard Duraform™ parts is higher than those for 
moulded Nylon 12 parts and that heating increased the stiffness further. Higher temperatures 
resulted in higher stiffness though prolonged heating for 3 hours yielded no improvements on the 
1 hour heating indicating an optimum heating time (to achieve maximum stiffness) is under 1 
hour. The effects of infiltration on stiffness appeared to be negligible, probably due to the 
minimal depth of infiltration. 
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Figure 5 shows that standard Duraform™ parts have a slightly lower UTS than moulded Nylon 
12 although heating close to the melt temperature increases the UTS so that it just surpasses that 
of Nylon 12. As with Young's modulus, the optimum heating time would appear to be less than 
an hour, again this is of particular significance for RM. Infiltration appears to have a slightly 
detrimental effect on the UTS of Duraform™ parts, although it is not clear why this occurs. 
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Figure 5. UTS Results 

Figure 6 shows that standard Duraform"""'*' parts are considerably less ductile than moulded nylon 
parts and that elongation at break decreased marginally when parts were heated to temperatures 
below 180°C. Marked increases at 183°C are shown however it was observed by visual 
inspection that these parts did neck before failing where as other parts did not. Figure 7 shows a 
tensile sample that had been heated to 183°C for 3 hours. There is some necking, however 
moulded nylon would show considerably more elongation. The responsible mechanism may be 
related to re-solidification and that the lower the viscosity reached when heating then the greater 
the degree of parallel chains/lamellae formation and hence increased crystallinity and thus 
increased ability for polymer chains to align under stress. However, it is interesting to note the 
extremely high elongation since it suggests that Duraform™ necks far less than Nylon 12 which 
in many cases is a desirable property. It suggests the true yield stress for Duraform™ is 
significantly higher than that of Nylon 12. As with the other tensile results, infiltration had a 
negligible effect on elongation at break. 
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Figure 6. Elongation at break results 

Figure 7. Necking observed in tensile test part heated to 183°C for 3 hours 
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Conclusions & Recommendations 

The objective of this project was to investigate post-processing methods to improve tensile and 
impact properties of SLS Nylon parts for further investigation. The investigation suggested 
methods of increasing inter particle contact area would result in improvements and heating of the 
parts yielded significant increases in both impact and tensile 'strength'. Heating just below the 
melt temperature resulted in significant improvements compared with lower temperatures. The 
higher the temperature the better the results though close to the melt temperature issues of part 
distortion and necking of samples arose. Surface infiltration, commonly used to improve surface 
properties, was shown to have little effect on bulk properties even though the ratio of surface area 
to volume was quite high. 

This initial research demonstrates that it is possible to modify certain properties of SLS parts to 
match and in some cases exceed those of comparable polymers, processed by conventional means 
which is very important in relation to the objective of developing RP for RM. 

The two major physical attributes of parts are strength and accuracy/surface finish. When 
altering SLS build parameters, improvements in one will often result in detriment to the other, so 
that, for example, the strongest parts tend to have low accuracy and poor surface finish [10]. 
Therefore, a compromise set of build parameters is usually selected. However, since 
accuracy/surface finish appear less affected by build position a logical approach would be to bias 
build parameters towards maximising accuracy/surface finish and then use separate post 
processing to improve the part strength. This may result in parts that are accurate, strong with 
constant strength characteristics throughout the build. It is recommended that this is investigated 
by applying parts from identical build locations to different forms of post processing. A separate 
build would therefore be required for each PP method and spread of results could then be 
compared. 

Some other recommendations for further investigations can be made: 
• Microwaving was investigated briefly but due to difficulties encountered was not 

investigated further and the results not presented. Problems encountered related to lack of 
heating followed by extreme localised heating of parts resulting in rapid melting. 
However, based on microwave theory and initial findings, it is predicted that effort 
focussed on this could overcome the problems that arose. 

• Pressing was not investigated though it could be, and is predicted would yield 
improvements. 

• Coloured infiltrants could be used to determine accurately the degree of part penetration. 
Build parameters could be modified to produce parts with densities considerably below 
80% to enable complete infiltration. 

• Methods to compensate results for variations due to build position are vital so further 
research in this field would be useful. 

• Combining methods of post processing such as heating and pressing could also be 
investigated. 

• Deformation observed at high temperatures could be addressed by supporting parts in 
glass balls which is standard when post-processing laser sintered polymer coated 
ceramics. 
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ABSTRACT 

This research investigates the effects of cryogenic processing on the properties of rapid 
prototyped materials. Not much research has been done on the post-processing (aging) of rapid 
prototyped (RP) polymers at temperatures below 159K (-173°F). Test specimens of RP 
thermoplastic resin DSM-Somos 8110 and DuraformPA Nylon were fabricated and 
cryogenically aged from 5-30 hours. The tensile strength and impact toughness were measured. 
The goal of this work was to study the effect of cryogenic aging on yield strength and ductility. 
This research investigated (1) the cryogenic aging of DSM-Somos 8110 and DuraformPA Nylon, 
(2) the effects of controlled ramp-downs/ups on the ultimate and tensile strengths of samples, (3) 
the experimental methods, and (4) the analysis and interpretation of the data. 

INTRODUCTION 

The primary objective of this research project is to apply cryogenic processing to Rapid 
Prototyped materials. Cryogenics is the science and art of producing cold. It started in 1877 
when two scientists, Cailletet in Paris and Picet in Geneva, developed a procedure to liquefy 
oxygen in a laboratory [1-2]. Nowadays, nitrogen and helium are the most common cooling 
media. Since the normal boiling points of nitrogen and other permanent gases such as helium, 
oxygen and argon are about 120 K (approx. -244 °F), the cryogenic temperature is generally 
considered 120 K or below [3-4]. 

Cryogenic processing is one of the most important fields in industry today [4]. It helps to 
reduce costs for industry and increase industrial efficiency. For example, industrial application 
has reported 195% to 817% increase of wear resistance for standard steel that was cryogenically 
treated [2]. The cryogenic process consists of three stages based on time and temperature 
variables. This process starts with gradual ramping down of temperature to a specific point, the 
temperature is held at that point for a period of time, then the temperature is brought up to room 
temperature. As a result of this deep cooling and heating cycle, molecular changes occur, 
binding the atoms in the metal together [4]. 

Over the last 10-20 years, relatively little research has been conducted on cryogenic 
processing. Most research in cryogenics has been preformed on metals. Rapid Prototyping (RP) 
is a new technology the takes information from a computer-aided design file and makes a 3D 
part by building it one layer at a time [5].  When RP was first introduced in the late 80's, the 

607 



materials used to produce the parts had low yield strength. This experiment attempts to show that 
the strengths of RP materials can be increased by cryogenically processing these parts before 
industrial application. As mentioned before, in all the cryogenic work the scientists and 
engineers lowered the temperature of the sample to cryogenic condition very fast, held it to the 
temperature for a few hours and then ramped up the temperature as fast as possible [4]. Two 
years ago, the authors did research on the cryogenic processing of both ABS plastic using Fused 
Deposition Modeling (FDM) and DSM SOMOS 8110 from Stereolithography Apparatus (SLA)- 
250 machines. While the cryogenic processing did not have much effect on ABS plastic, the 
yield strength of DSM SOMOS was increased between 25-50% [6]. The authors believe the 
ramp-down and ramp-up conditions might make a significant contribution to the increase in 
strength of the polymer samples. 

The authors have recently developed a Data Acquisition System (DAS) using LabVIEW 
from National Instruments that provided the programming power for the ramp-down and ramp- 
up conditions. The conventional and proposed cryogenic processes are shown in Figures 1 and 
2. 

RAMP DOWN/UP PROCESS 

I 

Ramp up Ramp Down 

Hold Time 

6 8 10       12        14        ie       18 
Time (hours) 

Ramp Down 

Hold Time 

8       10      12 
Time (hours) 

Figure 1. original Procedure Figure 2. Proposed Procedure 

EXPERIMENTAL PROCEDURE 

Equipment and Process 

The following major components were used in this experiment: 

1. Northrop Grumman SLA-250 RP Machine 
2. Cryogenic Treatment Equipment, Figure 3 
3. Instron Tensile Testing Machine 
4. Izod Impact Tester 
5. Scanning Electron Microscope (SEM) 

• 
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Figure 3. Cryogenic Equipment 

The following Figure 4 outlines the experimental process that was used to design, fabricate, 
test, and analyze the samples. 

Design Dog Bone 
and V-Notch 

Samples 

Tensile and Impact 
Testing 

^ 

Figure 4. Outlines of Steps for the Experiment 

RP Machine Builds 
Parts from Design 

Expose Parts to 
Cryogenic 
Treatment 

Designing and Prototyping the Samples 

Drawings of the dog bone and v-notch shaped samples were created using AutoCAD 
(Figs. 5A and 5B) and then were saved as separate .DWG files. These files were then converted 
into .STL format for use with QuickSlice software. The SLA-250 (Northrop Grumman) RP 
machine was then used to rapid prototype the parts. 
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Figure 5A. Two dog bone-shaped samples. Figure 5B. Two v-notch-shaped samples. 

Cryogenic Treatment 

The following procedure was used to cryogenically treat each sample. 

1. All samples except the baseline went through cryogenic treatment before testing. The 
samples were prepared at Northrop Grumman and processed at Loyola Marymount 
University. 

2. The cryogenic process is characterized by three parameters: ramping down time from room 
temperature to 82K (-312°F), holding time at 82K, and ramping up time from 82K to room 
temperature. 

3. Preliminary experiments are then performed on the samples with the ramping cryogenic 
treatment process. Ramp-down times of 5 hours are used. Holding times of 5, 8, 10, 12 and 
20 hours, and ramp up times of 5 hours are used. 

4. Samples are labeled as follows: XX-XX-XX. The numbers represent the ramp-down time, 
holding time and ramp-up time, respectively, in hours, (e.g: 05-10-05 means that the samples 
were ramped-down in 5 hours, held in a cryogenic state for 10 hours, and then ramped-up in 
5 hours.) 

Tensile Testing 

The tensile strength of the samples was measured using the Instron Universal Testing 
Instrument 4500. The cross-head speed of the test machine was 0.0212 mm/s. The machine 
was interfaced using its front panel and a software program running on a desktop computer. The 
test specimens were created in the shape of dog-bones, as shown in Figure 5A. The dog-bone 
shaped samples were held in place by the two opposing grips of the testing platform. A 
computerized load cell located inside the frame unit measured the force applied to the dog-bone 
shaped samples. Strain was measured with an extensometer, and the stress vs. strain curves were 
plotted while the specimen was gradually loaded. The yield stress was measured at 0.2% offset 
strain, and the ultimate strength was measured at the maximum stress the material could 
withstand. 

Four to six samples were tested for each cryogenic aging treatment (0-20 hours). The 
tensile strength data was statistically analyzed to determine the effects of aging treatment on 
yield and ultimate strength. 

610 



Izod Impact Testing 

Izod impact testing was performed to determine the toughness of the treated material. 
The samples were made with a centered v-shaped notch. During the impact testing, the samples 
were subjected to an impulsive blow by a hammer pendulum. The impact test evaluates the 
material's resistance to crack propagation. 

RESULTS AND DISCUSSION 

Tensile and Impact Testing 

The results of the yield strength, ultimate strength and impact energy per unit area vs. 
cryogenic treatment time (0-30 hours) are shown in Figures 6A, 6B, 6C, 6D, 6E and 6F. For 
the yield strength of the Somos 8110, it appears to peak at a hold time of 10 hours, which is 
consistent with the resuhs of the previous year, though the results show too much variance to 
determine a definite trend. Three of the four points of the 10 hour hold time are above the base 
line, so an increase is inferred, Figure 6A. On the other hand, the 10 hour hold time appears to 
be a low point of the ultimate tensile strength graph for the Somos 8110. Again, the scatter of 
data points makes it difficult to discern a trend. Figure 6B. 

Yield Strength 

rn" 
^t^~* 

2 4 6 B 10 12 

Hold Time (Hours) 

4     Experimental Data ' -Average 

Ultimate Tensile Strength 

a   (t 53 
6 e 10 12 14 

Hold Time (Hours) 

^    Experimental     U    Average 

Figure 6A. Somos 8110 Yield Strength.       Figure 6B. Somos 8110 Ultimate Strength. 

The impact energy of the Somos 8110 appears to decrease as the holding time increases. 
The trend, again, is complicated to find because of the erratic nature of the data ~ even the 
baseline samples have a large degree of scatter, Figure 6C. As for the yield strength of the 
DuraformPA nylon, there is a significant drop for the hold time of 12 hours. Figure 6D. Further 
testing will need to be done to determine a reason for this effect. 
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Figure 6C. Somos 8110 Impact Energy.       Figure 6D. DuraformPA Yield Strength. 

The ultimate strength appears to increase with the increase in hold time, Figure 6E. 
Once again there is a significant scatter of data and the true trend is unclear. There is a 
significant increase in the impact energy at the 5 hour hold time, Figure 6F, with a variance of 
the data points as in the previous samples. The v-notch samples varied based on their position in 
the copper carrier. The v-notch samples were arranged four in a row. The middle samples had 
lower impact energies than the outside samples. 
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Figure 6E. Duraform Ultimate Strength.      Figure 6F. Duraform Impact Energy. 
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The effects of ramp-down times on the yield strength and ultimate strength are shown in 
Figures 7A and 7B. In both cases, the strengths appear to be negatively affected. 
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Figure 7A. Yield Strength vs. Ramp-up Time 
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Figure 7B. Ultimate Strength vs. Ramp-up Time 

20 

Fractography 

The DuraformPA Nylon samples were too ductile to produce a flat fracture surface. The 
plasticity was demonstrated by the necking of the sample as shown in Figure 8A, which also 
illustrates the rough surface of the break. 

The Somos 8110 samples broke cleanly, producing a clear mirror which can be seen in 
Figure 8B. All Somos 8110 samples contained an array of dimples along one side, which were a 
byproduct of the rapid prototyping process. The dimples introduced weak points and can be seen 
in Figure 8C. The parts always broke along the dimples and this can be seen in Figure 8D. 

Figure 8A. Duraform PA Nylon Necking Figure 8B. 36x SEM micrograph of 
DSM-Somos8110 
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CONCLUSIONS AND RECOMMENDATIONS 

Based on the findings from this experiment, the following conclusions and 
recommendations can be made: 

1. Due to large data scatter it is difficult to determine the trend of the data. 
2. The defects in the Somos 8110 samples from the previous year were corrected resulting 

in improved data, but the Somos 8110 contained an array of dimples that created weak 
points. If these dimples could be removed from the sample the results may improve. 

3. The v-notch parts of both the Somos 8110 and the Duraform 8110 should be arranged 
around the perimeter of the copper carrier of the cryogenic chamber to ensure a uniform 
heat distribution to each sample during the ramp-up phase. 

4. Cryogenic processing of prototypes samples has not significantly and consistently 
impacted the strengths of the samples. As the strengths of the rapid prototyping materials 
are increased through research and development, cryogenic processing of rapid 
prototyped samples may not be necessary. 
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Abstract 

Tungsten Carbide 10 wt% Cobalt parts were formed by Slurry-based Three 
Dimensional Printing (3DP^'^). The slurry contained a mixture of Tungsten Carbide and 
Cobalt Oxide powders, as well as dispersing and redispersing agents. The cobalt oxide is 
fully reduced to cobalt metal during the early stages of the sintering process. A new binder 
system, polyethylenimine, is described for use with powders with acidic surfaces, such as 
WC. Sintered densities approach the theoretical values for WC-10% Co, and the 
microstructures produced are similar to those of conventionally processed (press and sinter) 
materials. Up to four parts were produced in a single print run using a layer thickness of 25 
\xm, with good dimensional agreement between them, and within the range of target 
dimensions after sintering. 

I. Introduction 

Tungsten Carbide - Cobalt is widely used due to its high strength, hardness and 
stiffness at high temperature, particularly in metal working and mining industries and wear 
coating applications. Fabricating WC-Co parts is usually done by die compaction with high 
associated tooling costs.' Following compaction, liquid phase sintering is used to achieve 
high density.^ The ability to quickly fabricate small batches of prototype parts for design 
iterations, testing or small-scale production runs has been an impetus for the development of 
various layer-based manufacturing or Solid Freeform Fabrication (SFF) techniques. 

SFF of WC-9wt% Co has been previously explored by selective laser sintering of both 
mixed and mechanically alloyed <25 to 50 urn WC and 2-4 ^m Co powders to form thick 2-D 
layers, but not 3 dimensional parts.'° In metal cutting applications, small (1 micron) WC 
grains are needed for adequate toughness; while in wear applications, larger WC grains are 
tolerable.   Our primary aim was applications involving metal cutting inserts (milling, turning, 
etc.), so micron or sub-micron powders delivered via a slurry were necessary. 

Slurry-based Three Dimensional Printing ' '"'^ (3DP™) is another SFF technique. In 
3DP''"'^, a ceramic powderbed is formed by jetting a slurry through a small diameter nozzle 
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which is raster-scanned over a porous substrate, forming a thin slip cast layer of material. 
After drying, a binder material is ink-jet printed into the powder bed to form the layer 
geometry; followed by a second drying step. This process is repeated, building each layer on 
top of the previous one, until the part is completed. Sufficient binder must be printed to not 
only form the layer geometry, but to also penetrate through the thickness of the top slip cast 
layer to the layer below and knit the layers together. The regions of unprinted material serve 
as support for the printed regions, enabling formation of complex geometries, such as internal 
cavities, passages or negative draft angles. After printing is complete, the binder is cured and 
the parts are then retrieved from the powderbed in a process called redispersion. During 
redispersion, water is slowly wicked into the powder bed until the pore space is saturated. 
Those areas where binder is printed remain held together, while those areas without binder 
swell and break up by osmotic pressure and can be washed away, revealing the printed part. 
A low power ultrasonic bath aides in removing powder from deep crevasses. 

There are several aspects that make a slurry useable in 30?^*^. It must produce a body 
with a green density of 45% or greater for good sinterability. The slurry should slip cast slow 
enough so that the inter-arrival time of slurry lines during deposition is about I/IO' the time 
to slip cast a single line. This allows for a process called line merging, where the flatness of 
the bed is improved greatly when the slurry from several successive lines merge in a "wet 
region" before slip casting completely, as described by Polito.''* (Bed flatness is quite 
important for good surface finish; a rough powderbed can cause migration of the binder along 
the powderbed surface in the direction of the slurry lines by capillary induced effects.) 
Further, the slurry must be able to be jetted through a small diameter nozzle for many hours 
without clogging or changing flow rate. Lastly, the unprinted regions of the powder bed must 
easily redisperse in water or other liquid after binder curing to enable part retrieval. 

Although we did pursue both cobalt metal'^ and cobalt oxide material systems, this 
article will show results from the cobah oxide route. The challenges faced in 3DP    of 
Tungsten Carbide-Cobalt Oxide include reducing the cobalt oxide to cobalt metal in typically 
sized WC-Co cutting inserts, making a suitable slurry of mixed WC and cobalt oxide 
powders, and development of a suitable binder material. Each of these subjects will be 
explained in one of the following sections; section II on oxide reduction, section IIIA on 
slurry, section IIIB on binder. Section IIIC will deal with 30?^"^ processing and show several 
green parts, and finally section IV will show some sintered properties and microstructures. 

II. Cobalt Oxide Reduction - Thermodynamics and Kinetics 

The primary reasons for pursuing the use of cobalt oxide was to avoid concerns about 
the chemical reactivity or corrosion of cobalt metal at various stages of the process (i.e. slurry 
milling, printing aqueous binder, and redispersing in water),'^ and to avoid the magnetic 
properties of cobalt metal powder in the slurry media. Since the oxide is already formed, 
there is no concern about reactions occurring during processing that would change the nature 
of the slurry. Cobalt oxide exists in two forms, CoO, which has the NaCl structure, and 
C03O4, a normal spinel. The spinel powder was used in this work because it was available in 

617 



an appropriate size and purity. Quite recently, CoO has been used to form nano-grained WC- 
Co particles, which were converted to dense coatings via thermal spray. 

Because cobalt oxide was used rather than cobalt metal, there is a modest penalty in 
the green density after the cobalt oxide has been reduced to cobah metal. The densities of 
cobah and C03O4 are 8.90 gm/cc and 6.11 gm/cc respectively. Thus, one cc of C03O4 , which 
is 73% Co by weight, will be 6.11*0.73/8.9 = 0.5 cc of Co after complete reduction. For the 
final mixture of WC-10 wt% Co, a mixture of WC-13.2 wt% C03O4 or 28 vol% C03O4 was 
used. For this mixture, the powder volume after oxide reduction will be (1-0.28 * 0.5) = 0.86 
that of the green volume. Thus, a slip cast density of 52% or greater is desired to achieve 
good sintered density. 

Reduction of the cobalt oxide phase to cobalt metal is a critical step in the post- 
processing of printed parts. Thermodynamically, reduction is quite easy to achieve, as can be 
seen by comparison of the Gibbs free energy of cobalt oxide and water at 400 °C, table 1. The 
data for Fe304 is also shown for reference. The oxidation reaction of cobalt to cobalt oxide 
has the least negative free energy, so it is the least favorable reaction, or conversely, the 
reduction of the oxide to metal is most favored. 

Tablel. Thermodvnamic data for C03O4, H2O and Fe304. 
Reaction AHo'^VkJ/mol O2) ASo (J/mol O2) AG at 400°C 

3/2Co + 02=> I/2C03O4 -452.8 -192.95 -323 

2 H2 + O2 => 2 H2O -484 -89.4 -423 

3/2Fe + 02=> l/2Fe304 -558.8 -170.5 -444 

The main concern is therefore the kinetics of reducing small particles of the oxide to 
metal, particularly in modestly thick bodies, at time scales amenable to sintering cycles. 
Figure 1 shows a TGA curve of as received C03O4 powder reduced in Ar -5%H2. The sample 
(-70 mg) was heated from room temperature to 600 °C at 3 °C/min. Oxide reduction begins 
at around 280 °C and is essentially completed by 420 °C. The weight remaining after 
reduction is 73.7%, indicating near complete reduction of the oxide to metal. Oxide reduction 
in the presence of WC was confirmed by mixing 86.8 wt% WC and 13.2 wt% cobalt oxide. 
The powders were milled in DIW for -20 hrs and slip cast onto a porous plaster block. After 
slip casting, the sample was put in a desiccator overnight. A piece of the slip casting was then 
subject to the same TGA cycle as the C03O4 powder, shovra in Figure 2. The weight 
remaining is 96.5%, whereas theoretically 96.8% should remain. The extra mass loss can be 
attributed to water loss during the early part of the burnout (0.02 wt%) and perhaps partial 
reduction of cobalt hydroxide that might be formed on surfaces during the milling process in 
water. In the presence of WC, the temperature range for oxide reduction begins at about the 
same temperature (280 °C) as the case without WC present, but slight weight loss continues 
above 420 °C. The increase in temperature for complete reduction may be because of the 
higher packing fraction in the slip cast piece of WC-cobah oxide vs. the loose packing of dry 
cobalt oxide powder, in which case gas flow is easier in the larger pores of the loose packed 
powder. 

• 
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Figure 1. TGA of C03O4 in Ar-5%H2. 
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Figure 2. TGA of WC-13.2w% C03O4 in Ar-5%H2. 

The kinetics of the reduction process can be viewed in the following analysis. We 
assume that the diffusion of gas in the powderbed is the rate-limiting step in calculating the 
time required for reducing the printed part. For reduction of a half-thickness, t, we first 
calculate the diffusivity of an H2 - H2O mixture according to; 

eq 1 

where V is the atomic volume and M is the molecular weight of a gas molecule (g/mol), T is 
temperature (K) and P is total pressure (atm).'^ Using T = 673K, P = 1 atm, VH2 = 7.07, VH20 

= 12.7, MH2=2 g/mol and MH26=18 g/mol, then DH2,H20= 3.69 cm^/sec. 
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Next, calculate the flux of gas across a half-thickness of powder bed with a linear 
concentration gradient of 1 atm at 673K assuming ideal gas behavior. For this model, assume 
that the powder bed is unreactive, and on one side there is a pure hydrogen atmosphere and on 
the other side a pure water vapor atmosphere each maintained at 1 atm. Across the bed at 
steady state, there will be a flux of gas 

J = -D. '^'^L-^n   ^L eq2 

where Ac = 1.81e-5 mol/cm^, Ax = t = 0.3 cm, and T is the tortuosity, which is assumed to be 
3. Then J = -7.42e-5 mol/cm^-sec. 

Next, calculate the mass of cobalt oxide and hydrogen gas that are reacted in the half- 
thickness of'powderbed. The mass of cobalt oxide in a 1 x 1 x 0.3 cm volume of WC-13.2 
wt% cobah oxide powderbed at 53% density is 0.271g, which is 1.14e-3 moles. The 
reduction reaction is 

C03O4 + 4H2 => 3 Co + 4 H2O 

so by mass balance 4.56e-3 moles of H2 are needed to reduce the oxide. Assuming the 
limiting case that all the hydrogen gas diffuses through the half thickness of powderbed, 

-J = n/A*t eq3 

where n is the number of moles of diffusing gas (4.56e-3), A is the cross sectional area (1 
cm^) and t is the time for diffusion (sec). Rearranging eq 3 and solving for /, we find that / - 
61.5 seconds. Assuming a hydrogen gas pressure of 48 torr (5% of 1 atm), rather than 1 atm, 
the time is approximately 20.5 minutes, which is within the time range allowable in an 
industrial setting. 

While this model is not exact, as it does not account for the reduced tortuosity of the 
reacted powderbed, or the reactivity of the powderbed; it does provide us with an upper limit 
of the reaction time, assuming that gas diffusion in the powderbed is the rate limiting step. 

Ill 3DP Processing: A. Slurrv Development 

Two different slurries were used; a water-based slurry achieved some initial success, 
however better results were found with an isopropyl alcohol (IPA) based slurry, which will be 
shown here. The slurry formulation is shown in Table 2. Two levels of solids loading are 
shown for the IPA slurry, 25% and 18% of solids by volume. The WC used was Valenite 
1399 powder with an average size of 0.8 fim. The cobalt oxide powder used was Umicore 73 
(73.5% Co with 0.036 wt% Ni and 0.014 wt% Fe impurities, 95% Co304/5%CoO) with an 
average size of-1-2 ^im. Polyethylene glycol (mw 200) was used as the redispersion aid to 
increase the osmotic pressure in the unprinted regions of the powderbed.    The slurries were 
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balled milled in a polypropylene container using magnesia stabilized zirconia milling media. 
Milling times were typically 18-22 hrs. After milling, the slurry was passed through a 30 ^m 
nylon screen to remove any gross agglomerates. 

Table 2. Slurry Formulations. 

Powder loading, vol% 
Alcohol system Alcohol system 
25% 18% 

Weight %: 
WC 72.80 67.34 
C03O4 11.08 10.25 
Dispersant 0.42 Polyvinylpyrolidone 0.39 Polyvinylpyrolidone 
PEG 200 0.67 0.62 
Liquid IPA IPA 

Slurry density (g/cc) 3.85 3.00 

The viscosity of the 25 vol% IPA slurry was measured on a parallel plate viscometer 
over shear rates ranging from 1 to 3000 sec"' at 22 °C, shown in Figure 3. Initially, the slurry 
is slightly shear thinning but the viscosity becomes constant at 5 cP above a shear rate of 20 
sec''. However, the viscosity at low shear rates is still quite low and the slurry is fairly well 
behaved. 
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Figure 3. Viscosity of 25 vol% WC-Co304 slurry in IPA 

The slurry was jetted through a 127 |^m diameter alumina nozzle (Gaiser Tool Co., 
Ventura, CA) onto porous alumina substrates to form powderbeds. In our slurry jetting 
station, a linear nozzle speed of up to 2.0 m/sec can be obtained with a frequency of 5.8 lines 
per second deposited over a powder bed 100 mm wide. The fast turn-around time aides in 
obtaining a "wet region" and smooth powderbed. 

To observe the layer roughness of the powder bed surface and find the density of the 
powder bed, jetted beds were formed using the 18 vol% IPA slurry at carriage velocities of 2 
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m/sec and slurry line spacings of 300 ^im. A mass flow rate of 7.93 g/min yielded a layer 
thickness of 25 |im. Density measurements were by Archimedes' method in water after 
infiltrating the powderbed sample with a paraffin wax.   Layer roughness was measured by 
examining successive layer height profiles taken (after slurry drying) with a laser profilometer 
over a 3 mm wide section of the bed with readings taken every 10 \xm. 

The density of the IPA slurry powder bed was 53%, resulting in theoretical post-oxide 
reduction density of 45.6%, which met our minimum density requirement. Typical height 
profiles of the powder bed are shown in Figure 4. Ten consecutive layers are shovm. The 
average surface roughness (standard deviation of layer height) of the 10 layers is 3.7 |xm, and 
the average layer thickness was 24.3 |am. Although the surface is not completely flat, there is 
little periodicity to the surface that reveals the 300 j^m line spacing. The wet region visible 
during layer formation was about 3-5 slurry lines, only one-third to half the number (10) that 
Polito et al describe as necessary for good smoothness. "* (In fact, the reason for using the 18 
vol% slurry over the 25 vol% slurry when making powder beds was to increase the wet 
region). A low-angle-light optical micrograph of a typical area of the bed, Figure 5, shows 
that there are still some remnants of the slurry lines in the top surface, running vertically in 
the photo, although these are not discemable in the profilometry data. 

Figure 4. Laser height profiles of 10 consecutive layers formed from the 18 vol% 
IPA slurry.   Each line is the profile of a 3 mm section of one layer scanned perpendicular to 
the slurry rastering direction. 

- ,^«^ y!^7   — T 
ii ' ■5] 

,AK 
"    ..' ^i>\\t,' 

•  /. • '^1 :%  • *^ 
• -.if, %': 

'    ', t •>* 

[__;:_ '     >\i «^ 3^X-" .M 

1mm 

Figures. Top surface of jetted bed, typical region. 18 vol % slurry. 

In their studies of line merging in alumina slurries, Polito et al. were able to form a 
wet zone up to 6 mm wide encompassing 30 lines with a line spacing of 200 ^im. While the 
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3-5 line wet zone of the IPA slurry is not nearly as large, they used a layer thickness of 50 
\xm, versus our 25 |j,m. Since the time to slip cast a line is dependant on the square of the 
layer thickness, our results would give a wet zone of 12-20 lines at 50 i^m layer thickness. 

Ill B Binder Development 

Previously in 3DP   , an aqueous solution of polyacrylic acid (PAA) and glycerol has 
been used as the binder, the glycerol serving as a cross linking agent during curing.    Holman 
et al, ^^ showed that the basic surface of many ceramic powders adsorbs PAA. In the WC- 
C03O4 system, the WC surface is acidic, while the C03O4 surface is basic, isoelectric point 
pH=10.4.^^ Given that there is several times more surface area of WC powder as there is 
C03O4 powder in the powder bed, it is more reasonable to have a binder that is strongly 
attracted to the WC, than one that is strongly attracted to the cobalt oxide. 

Polyethylenimine (PEI, H[NHCH2CH2]n NH2), mw = 1 OK (Polysciences) was chosen 
as a new binder because of it's high pH in aqueous systems. Laarz and Bergstrom 
previously found that PEI is a good dispersant for WC-Co in water based systems, and 
theorized that the dispersion was due to a combination of steric and electrostatic forces, so we 
theorized that it might make it a suitable binder. Following the method of Holman, a series of 
five 20 vol% WC slurries were made containing differing amounts of PEI, (5, 2.25, 0.75, 0.3 
and 0 vol% PEI). The slurries were mixed for 19 hrs then centrifuged at 1150 gees for 30 
minutes and the supernatant decanted and centrifuged again at 12000 gees for 60 minutes, and 
decanted again. The residual PEI concentration in the supernatant was measured by nitrogen 
analysis, and the remaining PEI was assumed to be adsorbed onto the WC surface. The 
adsorption profile of PEI onto WC powder is shown in Figure 6, along with the data 
pertaining to alumina from Hollman, et al. The y-intercept value shows the amount of binder 
(mgW) adsorbed onto the powder surface at the point were there is no binder left in solution. 
The plot shows the continued increase in adsorption vs. the residual solution concentration. 
There is a strong tendency for the PEI to bind to the WC surface, nearly as strong as for PAA 
to bond to alumina, however, in the WC case, PEI continues to adsorb onto the WC as the 
solution concentration is increased. 

12 3 4 
Remaining Solution ConcentrRtion (vol.%) 

Figure 6. Binder adsorption onto ceramic surfaces. PEI adsorbs strongly to WC and PAA 
adsorbs strongly to AI2O3.  PAA data from Holman et al.^^ 
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The binder solution used in printing is 2.5 wt% PEI (2.4 vol%) in deionized water with 
0.25 wt% glycerol added as a cross Hnking agent. The binder solution has a pH = 9.5, and it's 
viscosity is 1.1 cP, making it easily printable in our drop-on-demand printhead.^^ The binder 
is cured in a flowing argon atmosphere at 1 atm. in an oven held at 150 °C for 1 hour. While 
we have no direct chemical evidence of cross linking, freshly retrieved (still wet) 0.3 [i\ cured 
binder droplets in WC-C03O4 powder beds were flexible without the presence of glycerol, but 
stiff with the presence of glycerol. Further, cured binder droplets with glycerol were much 
stronger than uncured binder droplets with glycerol. 

Ill C Processing Parameters 

Typical slurry deposition parameters for the printed parts were similar to those given 
in section IIIA. Between layer jetting cycles, the flow of slurry was interrupted to conserve 
slurry. Twenty foundation layers were deposited before printing the first part layer, and five 
top layers were made after the last printed part layer. The slurry and binder were both dried 
for 25 seconds at 60 °C in a convection oven after deposition. The binder was applied in two 
steps, the first is the traced (or vector) outline of the layer, the second is a raster fill of the 
interior. Up to four separate nozzles, each producing one part, were used for several builds. 
The initial binder dosage after drying was 3.9% of the pore space in the slip cast bed, 
achieved during raster printing by using a 55 (im drop spacing at a frequency of 1272 Hz, a 
printhead traverse speed of 7 cm/sec, a 40 [im raster line spacing and a flow rate of 3.2 
mg/min. A similar dosage was applied in the vector pass. The vector printed lines were 
offset 50 |j,m to the inside of the actual part geometry to account for the thickness of printed 
line. 

Ill D Green Parts 

Several geometries of green parts were printed. One was a simple square shaped 
insert, 16.21 mm on a side and 6.20 mm thick (252 layers), was made using the 18 vol% 
slurry. Previous sintering experiments on smaller printed parts had shown that the scaling 
factor for shrinkage in the thickness was 1.3 and in the width and length was 1.27. Thus the 
simple square insert would be 12.7 mm (1/2") square and 4.77 mm (3/16") thick when 
sintered, typical of the size of many common indexable cutting inserts. (The total volumetric 
reduction assuming 100% final density and the 1.27 x 1.27 x 1.3 shrinkage factors yields a 
starting density of 47.6%, slightly greater than the 45.6%) measured by Archimedes' method 
on the jetted bed.) A tapered groove 0.65 mm deep extends along the perimeter of both the 
top and bottom of the part, simulating a chip breaking groove in a double sided cutting insert. 
The goal of printing this part was primarily to confirm that the cobalt oxide could be 
completely reduced, good microstructures developed in objects the size of cutting inserts, and 
to make some geometrical measurements in the green and fired state. 

One of the green square inserts is shown in Figure 7. Close up views of the top and 
bottom surfaces of the part are shown in Figure 8 (a&b). The top surface, Figure 8a, is 
discernable by the relatively smooth surface, with evidence of slurry line rastering in the 
vertical direction. The bottom surface. Figure 8b, is discernable by the bleed through of the 
array of binder droplets, each binder droplet forming a spheroid on the bottom surface. Table 
3 shows the average dimensions of the green parts, they are just slightly larger than the target 
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size. (Measurements were taken using a stereo-microscope with a stage micrometer accurate 
to 0.01 mm). The locations of the dimensions are shown in Figure 9. The difference between 
the actual and target dimensions are mostly less than one binder droplet diameter, so good 
dimensional control has been demonstrated in this simple part. There are some delaminations, 
or partial chipping, in the parts in the area of the cutting edge, indicating that a higher binder 
dosage was needed. 

Figure 7. Square 16.2 mm x 6.2 thick insert. Shown after part retrieval. 
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Figures, a) Top surface of square insert. Slurry rastering direction is vertical. No 
binder deposition is visible, b) Bottom surface of square insert. Slurry rastering direction is 
horizontal. Binder bleed through is evident by array of droplets. 
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Fable 3. Measured dimensions of green square inserts. 
Dimension A (mm) B(mm) C(mm) D(mm) 
Average 16.24 16.23 13.68 13.67 
Range 0.09 0.17 0.07 0.06 
Target 16.21 16.21 13.61 13.61 
Deviation 0.03 0.02 0.07 0.06 

K- 
T 
D 

T 
B 

i 
Figure 9. Location of dimensions shown in Table 3 for square insert. 

A second set of four parts was the top 80 layers (2mm thick green part) of a CNMG 
style cutting insert. The perimeter of the part is a diamond with rounded comers and a 
through hole for mounting and there is much more surface detail present in the top layers than 
in the simple square insert. The diamond sides are 16.27 mm apart with an acute angle of 80°, 
and the center through hole has a diameter of 6.61 mm. The slurry parameters were the same 
as for the simple square insert, however a higher binder dosage was used, 4.4 % of the pore 
space, in order to get better knitting of the layers. 

The four green printed parts are shown together in Figure 10. Figure 11 shows a top 
view of one of the inserts. Shown in Figure 12 are: the area around the sharper radiused 
corner (12a), one of the edges showing the chip breaking groove (12b), one quadrant of the 
countersunk through hole (12c), and the side edge of the part (12d). Printed and target 
dimensions are shown in Table 4. Locations of measured dimensions are shown 
schematically in Figure 13. Dimensions A and B are exterior dimensions, while the other 
dimensions are interior dimensions. Exterior dimensions will become larger than target with 
insufficient offset, while interior dimensions become smaller with insufficient offset. It is 
clear from the measurements in Table 4 that a larger offset value should have been used for 
printing this geometry. Since more binder was used in printing the CNMG insert than in 
printing the square insert, this accounts for some of the difference in part size. Further 
indication of insufficient offset is that the recessed text (which should read '80', '2' and 'MP') 
within the 3 recessed areas is mostly unreadable. The range of actual values for the four parts 
is quite good, a maximum of 0.07 mm, with most dimensions 0.04 mm or less, demonstrating 
good reproducibility in a highly complex part. 
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Figure 10. Four printed CNMG style inserts. 
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10 mm 

Figure 11. Top view of one CNMG style insert. 

Comparing the quality of the printed regions in Figure 12, it is evident that some 
regions are expressed better than others. The countersunk area of the through hole (figure 
12c) is among the best produced geometry on the part. The consecutively larger circles are 
well defined, producing a uniform stair step. The area to it right of the through hole, which 
slopes back down toward the chip-breaking groove, is not as clean. Several layers appear to 
have areas that have been washed away, as evidenced by the wavy stair step, particularly the 
top most layer (along the line marked "A"). The critical difference between the two areas 
may be the size of the horizontal step. In the countersunk region, the horizontal step is 45 
\xm, which is less than the thickness of one printed vector line, ~70 )xm. In the sloped region 
the horizontal step is 80 )am for most of the steps, but 356 (xm for the long step where 
significant washing out occurred, as noted by points A and B in the figure. The central region 
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of Figure 12b is similar to the right side of Figure 12c. It is possible that a higher binder 
dosage will preserve these geometries more precisely. 
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Figure 12 (a-c). Images of printed CNMG style insert, a) 110° comer, b) edge, chip 
breaking groove top land, c) through-hole with counter sink, top land and slope back to chip 
breaker, d) edge (side view), slurry rastering direction is out of the page. 

Table 4. Measured dimensions of CNMG style insert (all dims in mm). 
Dimension A B Cl C2 D E F 

Average 16.16 16.15 6.47 6.45 2.99 2.00 2.98 

Range 0.02 0.02 0.07 0.05 0.03 0.04 0.04 

Target 16.08 16.08 6.61 6.61 3.10 2.13 3.10 

Deviation 0.08 0.07 -0.14 -0.16 -0.13 -0.13 -0.12 
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Figure 13. Schematic showing location of measured dimension given in table 4. 

The side of the part, Figured 2d, is relatively flat, although there is evidence of 
layering in this view where all of the layers line up directly (layers run horizontally). 
Certainly, the side is not as flat as the top or bottom, however, the low angle lighting 
exaggerates the surface roughness. Shovm is the side of the part that is perpendicular to the 
slurry forming raster direction (also parallel to the binder rastering direction). In this view, 
the effects of a rough powder bed surface would be maximized, because the slurry lines are 
running out of the page. 

IV Sintered structures 

The large double sided insert was reduced in a series of slow ramps, with 1 hour holds 
every 56 °C (100 "F) between 93 "C (200 °F) and 371 °C (700 °F) and another hold at 510 °C 
(950 °F) in a flowing partial pressure of 30 milHTorr of H2., which was somewhat more 
aggressive than either the TGA or numerical model suggested was necessary. This reduction 
schedule is similar to the burnout process used with heavily lubed WC-Co press-and-sinter 
articles.^^ The part was then sinter-HIPed according to normal industrial practice for WC-10 
Co articles, the HIP pressure being 800 PSI. Dimensionally, the sintered part is within 80 )xm 
of the target square dimension (12.70 mm) after sintering, however the height is a bit low 4.52 
mm actual vs. 4.77 mm target. The ASTM porosity rating is A04B00C00; so there are a 
small number of pores all smaller than 10 ^im. The density of smaller similarly processed 
parts was 14.42 g/cc, which compares fairly well with conventionally processed WC-10 Co 
which has a density of 14.5 g/cc. Figure 14 shows the typical etched microstructure. The WC 
grain size is 1 -4 \xm, and some cobalt rich areas up to 15 ^im are present. The number and 
size of pores, WC grain size and amount of cobalt pooling are within the range of acceptable 
WC-10 Co microstructures. There is some eta phase (W2C) present in the microstructure (not 
visible in Fig 14), indicating that the part was partially decarburized during the oxide 
reduction process. Less aggressive oxide reduction would result in no eta phase. 
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Figure 14. Etched microstructure of reduced and sintered square insert showing typical 
WC grain size and occasional cobalt pooling. (Micrograph courtesy of Kennametal, Inc.) 

V Summary 

The 3 DP process has been shown to be able to produce a multitude (up to four) of both 
simple and complex geometry parts from a WC-cobah oxide - IPA slurry using a 
polyethylenimine binder. It has been demonstrated that complete reduction of the oxide and 
high sintered densities and acceptable WC grain size and cobalt distribution can be achieved 
from the mixed WC-cobalt oxide materials in part sizes that are typical of WC-Co cutting 
inserts. Dimensional repeatability from part to part is excellent, and target dimensions have 
been met in sintered parts with simple geometries although further work is needed concerning 
offsetting dimensions to meet target values in complex geometries printed with higher binder 
dosing. Surface roughness of printed parts is good, although some wash-out of printed 
regions is found, indicating higher binder dosing (more than 4.4% of the pore space) may be 
needed. The direct manufacture of custom metal cutting tools and inserts via SD?"^*^ is 
distinctly possible. Further, this route to forming fine grained WC-Co items may have 
implications outside of the realm of 3DP™, for instance in spray drying, slip casting or other 
liquid aided forming processes. 
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Abstract 
A generic approach to a variety if different steel materials for SLS based application has 

been examined. This approach is based on a base steel alloy powder mixed with a powder blend 
of much smaller particles. The powder blend is designed to both provide the highest possible 
density in the powder mass and melting material components for liquid phase sintering to full 
density. Furthermore, the liquid phase components in the powder blend are composed to both 
serve as a metallic binder for the green bodies and maintain the possibility to completely dissolve 
into the base material, forming a homogenous alloy. A powder blend with stainless steel base 
material was composed and tested and taken through the different process steps. While the 
formation of green bodies had limited success, to a large extent due to limitations in the process 
equipment, the sintering and diffusion behaviour showed promising results, both in respect to 
acquired densities, and homogeneity of the material. 

1. Introduction 
While conventional polymer based SFF has established a position as an important strategic 

tool for the manufacturing of prototypes, and is gaining momentum as a competitive direct 
manufacturing process for parts with complex or unique shapes, a similar development for the 
metallic applications still seems distant. The most important reasons for this may be found in the 
combination of the inherent constrains within the different approaches to metallic SFF 
processes, and the limitations in the selections of materials, available for SFF applications [1]. 
Therefore, developments in theses areas could significantly improve the capacity for new 
applications of SFF technology. Since steel materials are established for a very wide set of 
applications, with a long tradition as the engineering materials of choice, most potential users 
are likely to have steel materials as a major point of reference. Homogenous, SFF applicable 
steel materials, with similar properties as conventional steels, would therefore not only improve 
the capacity for SFF manufactured parts, they would also bring the technology closer to the 
users' point of reference and thereby make it appear less alien to the potential user. 

However, for such a material development to have any significant impact, it should 
preferably by applicable to a SFF system with a wide distribution on the market. This is possible 
with a procedure beginning with the formation of porous steel powder green bodies by the use of 
SLS, followed by metallic consolidation and homogenisation by liquid phase sintering in a 
subsequent furnace process. A generic approach to this procedure, where most variables can be 
kept constant, -except for those characteristic for the desired outcome, would not only offer SFF 
products of a homogenous steel material to a wider market, it would also facilitate the 
development of a much larger number of steel materials for a wide set of applications. 
(The term "homogenous" is in this text referring to solid non-porous steel alloy, with phase 
structure corresponding to as-cast material of the specific alloy composition, with respect to heat 
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treatments. This term is used to mark the difference from the composite or highly segregated 
materials used in some commercial application of metals SFF.) 

The whole procedure, from powder composition, application and processing in the SLS 
equipment, to the sintering and consolidation during the furnace treatment, is a vast area with a 
large number of variables, which could be used in many possible different combinations. 
Considering the endless possible variations, it is hardly possible to scientifically prove that such 
a material system and procedure is impossible. However, since this hypothesis is concerning 
technical matters, any successful attempt on any part of the procedure, would indicate that the 
whole procedure is possible, which is one principal object of this research. Another object is to 
find witch variables are critical to control, and how they affect the outcome of the process. In 
respect of this, the style of this work will be investigative and argumentative. 

2. Background 
The formation of parts made of homogenous steel alloy, from SLS, with a subsequent 

furnace procedure, is a very complex project were a number of variables may be of significant 
importance. This has been the subject for a series of investigations in the past [2], [3], [4], and 
[5]. This present work is based on conclusions and acquired knowledge from the preceding 
investigations as well as the application of established knowledge in conventional powder 
metallurgy. The approach can be separated into three distinct steps: powder composition, 
formation of green bodies, and the furnace process, were the limitations and results of each step, 
affects the conditions for the others. 

2.1. Powder composition 
If one step should be singled out as being the most critical, it should be the powder 

composition. Obviously, the powder composition determines the alloy composition of the 
finished material, but it is also fundamental for every part of each process step, from spreading 
and application of powder in thin layers, to the sintering into full density and homogenisation of 
the finished product. 

The principal idea of the present process approach, is to combine a base material powder, 
which's alloy composition will dominate the finished material, with lower melting temperature 
components, that will serve as a liquid phase during sintering and ideally completely dissolve 
into the base material, forming the desired homogenous steel alloy. As a most demanding 
example, a stainless steel, Anval 2205, has been selected as base material for this present 
investigation, however the principle as such, is generic and could be applied to a vast number of 
different steel materials. 

For liquid phase, previous work has exclusively used copper, [2], [4] and [5], partly for 
being established in conventional powder metallurgy, as a liquid phase with good sintering 
properties for iron based alloys, but also because it does improve some desirable properties, such 
as corrosion resistance, strength and toughness, [6]. 

However, the amount of copper that can dissolve into the base material is limited, and for 
successful liquid phase sintering into full density, with a limited amount of liquid phase, it is 
important to have the powder mass as dense as possible. This has been experienced and 
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addressed in the past [2], [4] and [5]. It was found that using a suitable combination of size 
ranges and particle shapes in the correct proportions, will improve the density of the powder 
layers applied in the SLS equipment, [3]. Since the base material is expected to remain stable, 
and maintain the geometrical shape of the part during the furnace process, the base material 
should obviously be the largest fraction and also largest sized particles in the powder blend. 
Additional components, such as the mehing material, should, if possible be kept at particle sizes 
that will fit into the voids between the larger particles. 

This approach has been tried with -44[xm Anval 2205 powder, copper powder of the 
smallest particle size available, and with an additional amount of small particle size carbonyl 
iron powder for further densification, [5]. However the high inner friction, and the unexpected 
unfavourable size range relation between base powder and copper in the powder mass gave the 
powder blend poor particle packing properties. This, in combination with the low fraction of 
melting material for the liquid phase sintering (8%), made it impossible to achieve full density in 
the material. Therefore has this present investigation changed the size range for the base material 
to 44|xm - 75\im, and added a second melting material: ferrophosphorus. Fig.l. & Tab.l, Fig.2. 
Fig.3. & Tab.2, Fig.4. 8c Tab.3. 
^ ™. ™.,™_^  ,™_— Figj, Anval2205. A stainless steel material, with the characteristic 

smooth shape of gas atomised metal powder. This alloy has been 
selected as a challenging material with interesting properties. 
Size analysis: ASTM-EIl sieve, 99 %< -75ix.m, 9 %<-45fi.m. 

c Si Mn P S Cr Ni 

0.019 0.70 1.17 0.017 0.002 22.3 5.17 

Mo 
3.02 

Nb 
0.00 

Cu 
0.16 

Co 
0.03 0.07 

w 
0.02 

N 
0.19 

O 
165 

Table 1. The chemical composition of the stainless steel base 
material, Anval 2205, O in ppm. 

Fig.2. Copper powder, 99.9% Cu. According to vendor]-5 (im 
spherical shape, which in reality obviously is not the case. This 
discrepancy is however most likely due to the method of 
measuring and calculating size. In many cases are such small 
sized particle's sized estimated by a measured value for particle 
surface that is recalculated to volume and diameter assuming 
spherical shape. For a sponge like powder such as this, this 
method would indicate a much smaller particles size than really 
is the case. For this investigation this defect will not disturb the 
size range composition, however, it will limit the density 
improvement. 
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Fig3. Carbonyllron SM: almost pure iron, with the spherical 
shape typical ofcarbonyl metal powder. In this size range (2-8 
fvn), the interparticle friction is associated with van der Waal's 
and electrostatic forces, and is thus increasingly independent of 
particle shape. Nevertheless, the spherical shape still is the best 
possible considering the achievable packing properties. 

Fe 
Min. 99.0 Max. 0.2 

O 
Max. 0.8 

N 
Max. 0.1 

Table 2. The chemical composition of the filler material, 
Carbonyl SM 

Fig.4. Ferrophosphorus powder, coarse and uneven. Particles. 
This has normally a negative effect on powder packing 
properties. However at this size range are these properties 
dominated by the powder mass' internal friction, associated with 
van der Waal's and electrostatic forces. For this investigation, 
surface smoothness of ferrophosphorus particles will be of minor 
importance. 

Fe C Si Cr Mn P Ti 
Base 0.78 Max. 

0.50 
Max. 
0.50 

Max 
0.50 

15.6 Max 
1.50 

Table 3. The chemical composition of ferrophosphorus powder. 
Physical properties (Sympatec): 
10% below 2.61 fim, 50% below 8.25 (mi, 90% below 15.23 fi. 

Phosphorus, P, is a well-known additive to powder compositions to improve sintering 
properties by liquid phase sintering, though other positive side effects, such as improved tensile 
strength, elongation and hardness, with small additions of P, has been reported from conventional 
powder metallurgy, [7]. The best results were acquired with additions of 0.75 % - 0.80% P, and 
the added amount of ferrophosphorus will therefore be adjusted to yield this content of P to the 
finished material. 

2.2. Formation of green bodies 
This process is expected to be capable to deliver hollow parts and geometries with deep 

cavities, and since the part in all cases will be subjected to a significant shrinkage during liquid 
phase sintering, a supportive powder during the furnace process is not desirable. Therefore, 
organic binders, requiring a supportive powder during the binder burn out and the early stages of 
sintering, should be avoided. This issue has been addressed in previous work, [4] and [5], and it 
has been found that despite the low absorbance of energy from a carbon dioxide laser, copper can 
be melted during SLS processing and thus work as a metallic binder. The green bodies formed 
are however quite brittle, with especially weak bonds between the layers. On the other hand, in 
this present investigation, there is possibility that the second melting phase, ferrophosphorus, also 
could melt at process conditions and improve this situation. 
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Since copper has such low absorbance for energy transmitted by carbon dioxide lasers [8], it 
is more likely that it is secondary heating that melts the copper. The laser energy is absorbed by 
the iron-based particles, which in turn heats the adjoining copper particles until melting and 
bonding occurs. If so, the increased particle size will require more energy to raise the temperature 
of the base material particles to the melting point of copper (1084.5  C) and even more for 
ferrophosphorus, (melting point 1168.0  C), if the same heating mechanism is active as in copper. 
Since the equipment available for this investigation is a rather old Sinterstation 2000, 50 W CO2 
laser, with a measured maximum output of 41.5 W, this may be a crucial limiting factor for the 
formation of green bodies. However, the formation of perfect green bodies is not the primary 
object of this investigation, but the establishment of a generic principle for a series of 
homogenous steel materials that could be achieved from a procedure consisting of SLS and a 
subsequent furnace process. For this object, sintering and homogenisation behaviour is more 
vital, and it is sufficient to show that green bodies can be formed by SLS, while quality is of less 
importance at this stage. 

2.3. Furnace process conditions 

The feasibility, as well as process time and temperatures for the furnace procedure, in order 
to achieve a homogenous, liquid phase sintered steel material, are determined by some important 
boundary conditions. First of all, the process parameters must allow the liquid components (here: 
copper and ferrophosphorus) in the powder composition to melt and sinter the material to full 
density. Second, the process time and temperature must be sufficient for the liquid material to 
completely dissolve into the base material, as well as allowing the alloy components from the 
base steel to homogenously be distributed within whole part, -both by means of diffusion. Third, 
since the risk of evaporation of alloy components from the material during the vacuum process is 
controlled by the combined effect of temperature and pressure, there is an upper limit on the 
acceptable temperatures, -or a lower limit for pressures, at process conditions. Meanwhile the 
pressure in the process chamber must be kept low enough to allow desoxidation of the material 
during the process. Fourth, the processing time must be as short as possible, partly to avoid 
unnecessary grain growth, but also to keep the process times at a competitive level. 

However, this complex situation can be simplified by applying standard settings for vacuum 
pressure, and thus leave time and temperatures as the process controlling variables. Further 
simplifications can be made by application of conclusions from previous work. It has been found 
that at standard vacuum settings, temperatures above 1200 C will cause evaporation of 
chromium from stainless steel powder, (1233.6 C for 22.4% Cr) [5]. Therefore 1200 C can be 
considered a maximum process temperature, which, in combination with vacuum, will allow the 
desoxidation reaction between carbon present in the powder blend, and oxide on the particles' 
surfaces. This leaves process time as the critical variable to control. 

Since the copper's only means for dissolving into the steel material under these process 
conditions is by self-diffusion, and the longest predictable diffusion distance for any material 
under these circumstances is from the surface to the centre of the largest particles, the diffusion of 
copper through the base material will be the determining factor of the process times. This 
simplification may overlook the closure of large pores, but the occurrence of those, as well as 
their size and distribution, is not entirely predictable, and must be experienced experimentally. 
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The previously mentioned investigation, [5], also found that 4 h would be sufficient process 
time for 8 % copper to completely dissolve into -44jxm base material steel powder. However, in 
this present investigation has the size range for the base material been changed the to 44[im - 
75nm, and ferrophosphorus has been added as a second melting material. The increased particle 
diameter gives an increased maximum diffusion distance, which, reasonably, would increase the 
required process times beyond practical and competitive limits. However, that investigation and 
the following estimation of process time are based on the assumption of the atomic configuration 
of Y-iron, which would normally be the phase present for most steels at process temperatures, 
especially since the added copper is y-stabilising. But, in this case, ferrophosphorus is added as a 
second melting material, and this could vitally change the conditions for the diffusion of copper 
and other alloying components. 

Phosphorus is known to have a powerful stabilising effect for a-phase and, compared to for 
example copper, a rapid diffusion behaviour in both a-, and y-phase. Therefore, the hypothesis is, 
that the phosphorus will diffuse into the base material of y-phase configuration, ahead of copper 
and other significant alloying components, and thus cause a phase transformation to a-phase. 
Since the atomic configuration of a-phase steel allows much higher rates of diffusion for copper 
than y-phase, this would probably make it possible to achieve homogeneous distribution of 
alloying- and former liquid components in the finished steel material within reasonable process 
times. This, in combination with the additional amount of liquid phase and increased powder 
packing densities could make it possible to achieve a homogenous steel material with no, or very 
low porosity, by SLS and a subsequent furnace processing. 

2.4. Calculations 

The time to dissolve the copper into the base material is controlled by the fractional 
saturation of copper in the base material particles. Darken & Gurry [9] gives us the relationship: 

For diffusion into spherical shape: W = -0.05043 - 0.2333log(l - F), [Eq. 1] 

Diffusion constant, D = DYCI = 1.8exp(;295AJw7o/-^^ jm^ jEq. 2], [10]. 

C  -C 
Fractional saturation, F = —^ -, [Eq. 3], and L is the diffusion distance, here the radius of the 

base material particles. From previous work [5], we know that at 1200 C, 8% copper can 
theoretically be completely dissolved in spherical -44|j,m steel powder, in 3.85 hours. For reasons 
previously mentioned, a particle size range of 44txm - 75[xm has been used for this present 
investigation. With 75[J-m powder particles, the diffusion distance is 0.00375 cm. Added copper, 
C„ = 8%, at 1200 C saturation of copper is C, = 9%, which gives F = 0.889. Applied to [Eq. 1], 

Df/2 = 0.17. At 1200 C is DYCI = 6.21 • 10"" => ? = 369.42 h, which is too long. However, 

with phosphorous induced phase transformation, diffusion is expected to take place in a-phase 
where, 

D = Dacl = 8.6exp(; 250UmorV^jmy [Eq. 4], [10]. Under these conditions 

Da^l =1.17-10'^ =» t = 204.32 s (!), which is much more reasonable. 
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However, these ideal conditions cannot be fully expected under real process conditions. For 
example, if the material has sintered to full density, the particles will not be spherical during the 
whole dissolving process. Complete homogeneity concerning pore size and orientation, or 
particle distribution within the green body can neither be expected. Furthermore, the liquid phase 
will be a solution melted copper and ferrophosphorus, which means that the concentration of the 
different elements will vary during the process, and during the diffusion of copper, the balance 
between a-, and y-phase in the outer perimeter of each particle is difficult to predict, and 
therefore also the real diffusion rate. Considerable longer process times will therefore be used for 
this investigation, however the calculations above demonstrates that complete dissolving and 
diffusion to homogeneity is not unreasonable to expect with this material composition and 
process conditions. 

3. Experimental 
The experimental part of this investigation follows the principles outlined in the background 

section. The powder blend is composed to yield maximum applied powder density using the 
selected powders. Green bodies are formed using SLS equipment, and processed to full density in 
a vacuum furnace. Samples examined regarding porosity and have been further analysed 
regarding alloy composition and distribution using SEM equipment at the Department of 
Materials and Engineering, KTH. 

3.1. Powder composition 

The different selected powder materials have to be combined in the correct proportions to 
yield the expected results. The amounts of the different liquid components is determined by their 
respective solubility in the base material, and possible desirable effects on the material properties 
of the final alloy. Copper has a good solubility in iron-based alloys up to around 8 %, at process 
conditions, which settles the share of copper. Phosphorus has been reported to have most positive 
effect on material properties at 0.8 % P. The added ferrophosphorus contains 15.6 % P, which 
makes an addition of 5.12 % yield the desirable amount of P in the final material. This 
combination would give a liquid share of 13.12 %, which is slightly less than conventional, [11]. 
However if the experiment should indicate that the liquid share is too small for pore closure, it is 
possible to increase the addition of ferrophosphorus. 

Besides getting the right amount of liquid phase, it is also important have the highest 
density possible in the powder mass. Since the amount of small sized particles for the liquid 
phase has been determined by other boundary conditions, the remaining means to control this 
issue is the combination of large particle base material, Anval 2205, and a fill material powder 
with much smaller particle size, in this case Carbonyl Iron SM. 

The suitable proportions was found experimentally using the procedure described in [3], 
with the amounts of copper and ferrophosphorus kept constant at 8 % respective 5.12 %. The 
final powder composition can be seen in Tab.4. Fig.5, showing the powder blend gives an 
impression of particle size proportions and packing behaviour. The density of the applied powder 
layers in the SLS equipment was measured by the procedure described in [3], and was found to 
range between 65.8 % and 67.4, which seems promising for the following process steps. 
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Anval 
2205 

Carbonyl 
SM 

Cu FgjP 

75.88 % 11.00% 8.00 % 5.12% 
Table 4. The composition of the powder blend. 

Fig.5. The powder composition after mixing. 

3.2. Formation of preen bodies 

The determined powder composition was exposed to SLS processing for several attempts 
with successively increased laser power and decreased scanning speeds before any usable green 
bodies could be formed. This occurred at the very limit of machine capacity. Apparently, the 
assumption concerning the need for increased energy due to the increase in base material particle 
size was correct. Still, green bodies were formed, however of poor strength, with very weak 
bonds and high porosity between the layers, and with a strong tendency for curling of the layers. 
It is a likely assumption that only copper melted to serve as a binder, and that this situation could 
improve, -in terms of improving green strength by melting the of ferrophosphorus, with the use of 
a more powerful laser, such as the 100 W laser common in more modem versions of SLS 
equipment from DTM/3Dsystems, or the even stronger lasers used by EOS. 

3.3. Furnace processing 

Samples were sintered in a conventional vacuum furnace, in accordance with conditions 
described in the calculations section, and the principles described in [12]. The parts were placed 
on an alumina bed, in a graphite crucible, with no supportive powder and loaded into the furnace. 
The temperature was raised to 1200 C at a rate of 200 C/h. held at that temperature for 4 h, 
when the temperature was lowered at the same rate. 

4. Results and analysis 
The samples had sintered to solid objects and undergone some shrinkage, Fig.6, notable is 

the fact that the samples with less successful layer adhesion have had less shrinkage in X -Y 
-direction, instead, the more separated layers have had a predominant shrinkage in Z -direction, 
whereas the samples with more successful adhesion between the layers have shrunk more equally 
in all three dimensions. Furthermore, some sagging of large overhangs can be noted. Looking 
deeper into the material we find that there are some remaining pores, predominantly oriented in 
between powder layers. Fig. 7. However none of these imperfections are unexpected, and could 
probably be traced to the less than perfect conditions during the formation of green bodies. 
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F/g-.d. Sintered samples. Shrinkage and some sagging 
of overhangs are evident. Especially notable is the 
shrinkage of the cylindrical samples in the bottom 
line. The same STL file and laser power was used for 
all of them, however with different scanning speeds. 

4^--^ 

'<5.- 

^1' 
Fig. 7. Pore structure, close to the boundary between 
two layers. The porosity increases with decreasing 
layer adhesion due to increased curling of the layers 
at lower laser scanning speed 

More interesting, still, is the analysis of material alloy and distribution of alloy elements in 
the material. It shows that complete homogeneity has not been reached, which is quite 
reasonable, complete homogeneity hardly exist even in conventional steels. Certain elements 
naturally concentrate into certain phases, and nothing else could be expected under these 
circumstances. But the distribution analysis as shown in Fig,8 and Fig.9, displays encouraging 
tendencies 

-IFT7 7K "1 "1:- 

Fig. 8. First distribution analysis of important elements covering an area of 58.9x44.6 ixm. Fairly even distribution 
throughout the part, however complete homogeneity has not been reached. As could be expected have some 
elements, such as Mo, had the tendency to concentrate to certain phases as is normal in conventional steels. Also 
interesting is the area ofCu and Si concentration in the lower left side corner. Apparently has this been an area 
where larger amounts of liquid phase has been gathered than could be dissolved in the surrounding base material 
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Fig.9. The second distribution analysis of important elements covering an area of 51.0x42.5 (im. The tendencies 
from previous analysis appear to be confirmed. There are some areas where Cu and Si have been enriched, while P 
and Mo have been concentrated to certain phases. 

From an overall view, all elements are fairly even distributed over both areas analysed. 
There are however some points were certain elements (for example Cu & Si) are especially 
concentrated, and other elements, for example iron, is sparse. This could probably be traced back 
to the liquid phase during sintering. Silicon is highly soluble in both liquid copper and iron (such 
as in ferrophosphorus), and since phosphorus has the higher diffusion rate, iron will leave the 
liquid phase ahead of copper, thus the dissolved silicon will concentrate to the liquid copper. As 
pores are closing during the sintering process, remaining liquid material, in this case copper, will 
concentrate to the remaining larger pores. With the larger amounts of copper amassed in a small 
region, it is hardly surprising that all copper will not dissolve into the surrounding material within 
the limited process time. 
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5. Discussion and conclusions 
The primary aim for this investigation was to explore a possible generic principle to build 

parts of homogenous steel, using SLS equipment in combination with a subsequent furnace 
procedure. Despite the obvious shortcomings of the parts manufactured, it is not unreasonable to 
say that this possibility has been confirmed. Solid pieces of steel were formed from green parts 
made in the SLS machine, and the analysis of the distribution of the principal alloy elements 
shows, with some exceptions, a reasonable even dispersion. 

However the material selected for this investigation was a stainless steel, and apart from the 
most general material properties, such as tensile strength, hardness, and others, the corrosion 
resistance of the new alloy still has to be determined. This could be problematic, however, since 
there still are some areas with significant porosity or with excess concentration of, for example, 
copper. How much this would influence the corrosion resistance by crevice- or galvanic corrosion 
is unclear, but any measurements on the available pieces would not be conclusive either. As 
mentioned earlier, the areas with excess copper concentration probably originates in large pores, 
and since the porosity is primarily oriented between the applied powder layers, these could thus 
in many cases be deduced to poor adhesion of powder layers. Small pores could be addressed by 
increasing the fraction of liquid phase in the powder blend, but the large pores, which could end 
up filled with remaining copper, are more difficult and the best would be if they could be avoided 
altogether. One likely way to at least decrease their frequency could be to improve the adhesion 
between the layers. 

The most obvious method to improve layer adhesion would be to increase the laser power. 
A more powerful laser, such as those installed in more modem SLS machines on the market by 
DTM/3D Systems and EOS would penetrate deeper into the powder layer and thereby increase 
the melting of material in between the layers. Furthermore, the higher laser effect would enable 
the melting of the ferrophosphorus during SLS, thus increasing the metal bonding and thereby 
further improve the quality of the green bodies. On the other hand more extensive metallic 
bonding will also increase the temperature induced tensions in the green bodies, though these 
tensions will be relieved during the furnace process. If needed for complete pore closure, the 
fraction of liquid phase (here the ferrophosphorus) could be increased. However, a less desirable 
effect, of increased fraction liquid phase would most likely be an increase of the small sagging 
observed on the sintered parts, and thus loss of part geometry. On the other hand this behaviour 
could probably be moderated by stronger metallic bonds in the green bodies that comes with an 
increase in laser power. 

The full process of making solid homogenous steel objects from an SLS approach could not 
be verified by this investigation. However, the acquired results concerning sintering and diffusion 
are encouraging, and while the observations of the SLS behaviour are challenging, they do not 
contradict this possibility. 
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ABSTRACT 

This paper describes progress on the Direct Selective Laser Sintering of M2 and HI3 tool 
steel powders, comparing this with previous and further observations on stainless steel powders. 
The distinguishing feature is the melting of single tracks and layers in deep powder beds. The 
paper focuses on changing characteristics of the melt pool (mass, volume, aspect ratio, stability) 
and laser-powder interactivity as the laser beam width, power and scan speed change. It also 
compares the melt pool of neighbouring tracks during single layer construction. Simulations 
from a computer model to predict melt pool shape and dimension show reasonable agreement 
with experimental results at low scan speeds (0.5mm/s). But unexpected increases in melt depth 
above l.Omm/s have been observed, suggesting higher values and more variability in laser 
absorptivity than expected, even approaching 1.0 for the CO2 laser radiation used in this work. 

INTRODUCTION 

Selective melting of a metal alloy powder bed, aimed at direct production of one-off 
components and series tooling, is currently at the forefront of Selective Laser Sintering (SLS) 
research activities. Recent advances have used specially blended alloys [1] and commercially 
available powders, including stainless steels [2-4] and tools steels [5,6]. However, reported part 
densities produced from these powders varies considerably, from just above the tap density of 
the virgin powder [4,6] to densities exceeding 99% of theoretical density [2,3]. Research in [4] 
has highlighted that understanding the behavioural differences and dimensional variations of the 
melt pool and rastering melt front as laser powers and scan speeds change allows for process 
refinement leading to improvements in the quality of melted layers. This paper extends [4] by 
also investigating the effects of laser beam width and powder material and how this information 
might be used to improve the quality of multiple layer components. The microstructure and 
density of tracks, layers and multiple layers produced in this work are examined in Part B [7]. 

Running in parallel with the experimental activity is the continual development of a 
thermally-based finite element model which simulates the SLS process, being the subject of 
previous papers [8-10]. In this work the model has been used to generate plots of melt track 
cross-sections which are compared, geometrically, with similar images obtained from the 
experimental results. It is this comparison between simulation and experiment which leads to 
conclusions of highly variable absorptivity in the powder beds. 
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THE FINITE ELEMENT MODEL AND ITS MATERIAL ASSUMPTIONS 

The finite element thermal, powder melting and densification model has been described 
before, both in its 2-D [8,9] and 3-D [10] versions. It has been well-validated experimentally and 
quantitatively for the SLS of polymers [8,9]. For metals there are more severe issues of selecting 
correct material data than there are for polymers, when it comes to comparing simulations with 
experimental data, because of the larger temperature range to which the powder is exposed 
during processing, the larger difference between the powder bed and solid metal thermal 
conductivity and, particularly with the use of CO2 laser radiation, the lower and possibly more 
variable absorption of the radiation into the bed. In this paper handbook sources have been used 
for a metal solid's variation of thermal conductivity K and specific heat C with temperature, over 
the range 20°C to 800°C. A linear variation has been fitted and assumed to apply up to the 
melting temperature of the metal. With T as absolute temperature 

K = Ko + KvT; C = Co + CvT (1) 

Latent heats of melting, L, have been obtained by a rule of mixtures from the latent heats of 
the alloys' constituent elements. The conductivity Kp and absorptivity a of powder beds at room 
temperature have been calculated from experiments in which the surface of a bed was exposed to 
incident non-scanning radiation for a short period of time and the subsequent sub-surface 
temperature variation in the bed measured by thermocouples. The variation with depth of time 
for maximum temperature to occur was used to calculate the bed's thermal diffusivity - and Kp 
obtained from knowledge of the bed's density and material specific heat, and a was obtained 
from the variation of maximum temperature rise with depth, both in the same theoretical way as 
described and used in [11]. Kp is assumed to vary with temperature in the same way as K. 

Estimates of track size, based on a measured as just described, in many conditions grossly 
underestimate experimental observations, as will be seen later. Measured track mass per unit 
length, mt, has been used to obtain an alternative estimate of absorptivity, a*. Equation 2 as an 
equality is an expression for the minimum value of a*, based on a heat balance. a*(P/U) is the 
absorbed energy per unit track length, with P the laser power and U the scan speed while 
mL[Cav.(Tm - To) + L] is the energy to melt unit track length, where Cav. is the average specific 
heat from ambient bed temperature To to the metal's melting temperature Tm. 

«*>k/(p/f/)][c„jr,-rj+z] (2) 

EXPERIMENTATION 

Materials. Three types of gas atomised powder have been used in this investigation: M2 
(lC-4.15Cr-6.4W-5Mo-2V-bal.Fe) and HI3 (0.4C-5Cr-1.3Mo-1.05V-bal.Fe) tool steels and 
314S HC stainless steel (0.4C-20Ni-25Cr-lSi-bal.Fe). All powders were obtained from Osprey 
Metals Ltd, UK and were supplied with a particle size distribution of -150 + 75)J,m. No heat 
treatments, additives or fluxes or powder pre-heating was used in this work. A particle size 
distribution of-75 + 38|am was also investigated for examination in Part B [7] of this paper. 
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Equipment. SLS was performed in a research machine (Figure 1). A 250W continuous 
wave CO2 laser beam with a spot diameter adjustable between 0.55mm and 1.1mm at the focal 
length was scanned by galvanometer controlled mirrors on to the powder surface inside a 
controlled environment process chamber. A window in the chamber roof allowed the beam to 
enter. In the sealed chamber there were two build areas. For multiple layer experiments the build 
area (70mm in diameter) was at the base of the chamber and on top of the piston assembly which 
could be moved up and down to control layer depth (accurate to 0.001mm). For single track and 
layer experiments the build tray (120mm x 150nim x 5mm deep) was used to maximise 
productivity. A hopper, driven by a stepper motor, deposited and spread fresh powder layers in 
one operation. 

Lnsei' 

Powder 
Hopper 

Viewing 
Window 

Gas Inlet 

Steppa- 
Motor 

Multi-layer 
build area 

Piston 
Assembly 

Figure 1. Controlled environment process chamber. 

Melting Experiments. All experiments were carried out in an argon environment 
(obtained from 99.9% purity bottled argon). The chamber was evacuated to a rough vacuum 
followed by a one minute purge back to atmospheric pressure. This procedure was repeated 
twice before being followed by a 15 minute pre-sinter purge. During processing the flow rate of 
argon through the chamber was 3 litres/min and the net pressure was kept at 30mbar above 
current atmospheric pressure to ensure no air leakage into the chamber. Melting of all powder 
was carried out in a deep powder layer with a minimum first layer depth of 5.0mm. All scanning 
conditions for single tracks, layers and multiple layers are reported in Table 1. The experimental 
conditions were the same for all three powders and two beam widths of 0.55 and 1.1mm were 
used. The length of the single tracks was nominally 30mm, the size of the layers was nominally 
15mm X 12mm and the multiple layers consisted of 12 and 25 layers. The multi-layer results will 
be reported elsewhere, some in Part B [7]. 

Table 1: Experimental Conditions 
Experiment Laser Power 

(W) 
Scan Speed 

(mm/s) 
Scan Spacing 

(% of beam width) 
Layer 

Thickness 
(mm) 

Single tracks 32,58,77,110, 
143, 170 

0.5, 1 - 12 n/a n/a 

Single Layer 58,77,110,143 0.5,1,3,5,8,10 25,50,100 n/a 
Multiple layers 143 5,8,10 25,50 0.4 
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Simulations. Simulations of the single track experiments were carried out for all three 
powder materials. Results for a power of 77W, a beam diameter of 1.1 mm and for scan speeds 
(mm/s) of 0.5, 1, 2, 4 and 8 are presented here. Material properties used are given in the results 
section. GSharp V3.1 (AVS Inc) was used to produce 2D sectional views of modelled tracks, 
with a superimposed grid for dimensional analysis. Image-Pro Plus V4 (Media Cybernetics) was 
used to evaluate the cross sectional solid area and take measurements from the images. 

Further Experiments. Measurements of powder bed diffusivity and absorptivity in the 
manner of [11] were carried out in air, with a CO2 laser beam of power up to lOW, defocused to 
a diameter of 4 mm at the powder bed surface. For these experiments, powder to a depth of 30 
mm was placed in a cylindrical container of diameter 60 mm, with a thermocouple placed 10 mm 
beneath the surface coaxially with the laser beam. 

Video and series of still photographs were taken of single tracks as they formed, to gain 
insight into powder movement during processing. These were taken through the viewing window 
(Figure 1) using a hand-held digital camera behind a MIG welding glass viewing filter. 

RESULTS 

• 

Process Maps. Single track process maps that detail heating and melting behaviour of the 
metal powders as scan speed and laser power change were produced first to highlight areas 
where the melt pool remained continuous i.e. did not fragment or ball. A fragmented meh pool 
has been shown in [4] to reduce the surface quality and density of layers. Process maps for M2 
and H13 are given in Part B [7]. Figure 2 is for the 314S powder processed using a spot size of 
1.1mm. The map is a refinement of the same process map originally presented in [12]. It shows 
several different qualitative regimes, common to all maps including those from different laser 
beam diameters. These are regions of continuous flattened tracks, continuous rounded tracks, 
melted and balled tracks, not fully melted and unmelted regions. Continuous tracks were 
removed from the bed and sectioned. Observations from all three powders, from P = 50 to 150 W 
and scan speeds up to 10 mm/s are considered in more detail next. 

g Continuous, 
K \ 'I'gh aspect rafio^ 

(rounded) 

"'    I'ontinuoiis,- 
► ;,\i low aspect ratio 

1     1 flattened) 

Melted and 
balled 

Not fully 
melted 

15    20    25    30    35    40 
Sraniiing Speed (inm-'s) 

45   50 

Figure 2. 314S single track process map produced using a laser spot size of 1.1mm. 
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Track cross-section observations. Figure 3 shows track cross-sections for all three 
powders at powers of 77, 110 and 143 W. The boundary between the flattened and rounded 
tracks is added as the solid line. It is noticeable that track cross-section area increases with 
increasing scan speed as that boundary is crossed. The rounded tracks all have a much larger area 
than expected from the level of power absorption deduced from the embedded thermocouple 
tests to measure that (see later). Some qualitative observations may be relevant to this. In the 
rounded track regime (the whole of the region enclosed by the dashed line in Figure 2), the tracks 
sink well into the powder bed. Powder to either side of a track collapses into it, leaving a trench 
surrounding the track. At low scan speeds (~l-2mm/s - Figure 3) track profiles are quite rounded, 
with only a few groups of satellite particles visible around the lower fringe of the solidified track. 
However, at higher speeds there are large clusters of sintered bonded particles at the lower 
surface, giving rise to 'bell' shaped track cross sections. Perhaps these differences arise from the 
time available for metal in the melt to flow - longer at low than higher scan speeds. 

/ / M2 

1.0mm 
/ / ^ 
\ • 

.: 

j .1  

< 

1 i ! ^   1 "   ■ 1 1 

H13     1 

i 

Melt aspect ratio >0.5 ± 5% 

f 

Too fragile 
to liandle 

0.5 1 3 4 5 6 7 
Scanning Speed (mm/s) 

Figure 3. Track cross-sections for M2, H13 and 314S powders, beam diameter 1.1 mm. 
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Track masses per unit length. Figure 3 clearly shows increase of track cross-section with 
increase of scan speed at the boundary between flattened and rounded tracks. But the exact areas 
vary from place to place along a track. To obtain an average measure of size, tracks were 
removed from their powder beds and weighed. Figure 4 plots mass per unit length against speed 
for all three powders, for P = 77W. The two regimes, low speed (LS) and high speed (HS), are 
clear. 
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Figure 4. Mass per unit length dependence on scan speed, P = 77W, beam diameter 1.1 mm. 

Figure 5 presents an alternative view, plotting mass per unit length against energy density 
(P/U), for two of the powders (as examples), but for all powers and speeds. In each case, data fall 
between upper and lower limits. All data for U > 4 mm/s fall on the upper limit, labelled HS. The 
lower limit labelled LS corresponds to U = 0.5 mm/s. The HS and LS slopes for all materials, 
and experiments with both laser beam widths, are collected in Table 2, in units of milligram/J. 
According to equation 2, a constant slope mJ(P/\J) corresponds to a constant 'effective' 
absorptivity, a*, obtained from the equality of equation 2. Table 3 gives approximate values of 
a* derived from Table 2 on the basis that Cav. = 700 J/kg and L = 280 kJ/kg - but see the next 
section for a more detailed consideration of absorptivity. The HS limits vary with beam diameter. 
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Figure 5: Mass per unit length of 314S and HI3 single tracks plotted against energy density for 
a 1.1mm beam width for 32 < P(W) < 170 and 0.5 < U(mm/s) < 12. 
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able 2: Boundary gradients calculated frommass/length vs. P/U figures 
Beam Diameter 

(mm) 
1.1 
0.6 

M2 (mg/J) 
HS 
0.76 
0.84 

LS 
0.10 
0.43 

HI3 (mg/J) 
HS 
0.67 

LS 
0.06 

314S(mg/J) 
HS 
0.48 
0.59 

LS 
0.11 
0.07 

Table 3: Values of a* (Equation 2) calculated from data in Table 2 
Beam Diameter 

(mm) 
1.1 
0.6 

M2 
HS 
0.92 
1.0 

LS 
0.12 
0.52 

H 
HS 
0.8 

LS 
0.07 

314S 
HS 
0.58 
0.79 

LS 
0.13 
0.09 

Simulations. The main material data used in the simulations is given in Table 4. Ts and 
TL are the solidus and liquidus temperatures. Two values of a were used: ai from the powder 
bed temperature distribution thermocouple measurements and aj from the HS limit, Table 3, 
except that for M2 and HI3, az was rounded up to 1.0. 

Table 4. Material property data used in the simulations.  
Mat- 
erial 
M2 
H13 
314S 

Ko Kv Co Ts Pbed K„ ai Oil 

(W/mK) (W/mK^)(J/kg) (J/kgK) (kJ/kg) (°C) (°C)    (kg/m^) (W.mK) 
18.1       0.0106      313     0.5       270   1246   1437    4300      0.26 
28.6      0.0 313     0.5       270   1361   1471    4500      0.32 
7.83       0.0183      437     0.275   280   1280   1380   4500      0.26 

0.38 1.0 
0.25 1.0 
0.24     0.58 

Figure 6 shows a typical simulation result, a boat-shaped track with a crescent cross- 
section, the consequence of the model allowing only movement of powder material normal to the 
bed surface on solidification. 

f^ f yaxis 
f-^J (depth) 

y,-^  *     X axis 
(scan direction) 

Zaxis 
(rastering direction) 

Figure 6. Simulated meh track: P = lOOW, U = 6 mm/s, a = 1; dimensions in mm. 
•^ 
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Cross-section areas from the simulations were converted to track mass per unit length by 
multiplying by a solid density of 7,850 kg/m^. For this purpose, track area was defined as that 
within the simulated density boundary contour of 7,500 kg/m^ Table 5 summarises results for P 
= 77 W in the form of mt/CP/U), for comparison with the observations of Figure 5 / Table 2. The 
italic and bold entries are data obtained respectively by use of ai and a2 in the simulations, to be 
compared with the LS and HS boundary values in Table 2. The simulations follow the same 
qualitative characteristic as the experiments. However, in the LS range, the data (with the 
exception of that for M2) range from 0.06 to 0.08, compared to 0.07 to 0.13 in Table 2: for H13, 
the simulation values are 6% higher than experiments; for 314S they are 36% lower. In the HS 
range, the data are approximately constant for each material, in line with experiment: comparing 
Tables 5 and 2, the simulation data are 63 ± 5 % of the experimental ones, for all three materials. 

fable 5. mL.simuiated / (P/U) (mg/J) - ■ P = 77W, beam diameter =1.1 mm 
Material 

0.5           1.0 
U (mm/s) 
2.0           4.0           8.0 

M2 
H13 
314S 

0.15        0.47 
0.07        0.08 
0.06       0.07 

0.51          0.48          0.48 
0.48          0.46          0.41 
0.08         0.28         0.27 

Alternatively, simulated results may be compared to the equivalent point experimental 
data in Figure 4. Table 6 records the ratio of the simulated to experimental values of mass per 
unit length. The italicised and bold scripts are obtained with ai and a2, as in Table 5. 

Table 6. (mL,simiilated / mL.experimentjj P = 77W, beam diameter =1.1 mm. 
Material 

0.5 1.0 
U (mm/s) 

2.0           4.0           8.0 
M2 
H13 
314S 

1.54 
1.03 
0.66 

0.83 
0.71 

0.53 

0.89         0.58         0.57 
1.03         0.68         0.66 

0.37          0.64         0.89 

The simulations and experiments differ from each other at both the LS and HS extremes, 
but in different ways. In the LS conditions, some simulations under- and others over-estimate the 
experimental observations, although on average they underestimate, and the more so the higher 
the scan speed. It is probable that the main issue here is uncertainty in what are correct material 
data to enter into the simulation, particularly the value of aj. In HS conditions, however, the 
simulations consistently predict track mass per unit length of around 65% of the observed values. 
This is despite, for the tool steels, absorptivity of 1.0 being assumed. 

There are two possible explanation. The tracks may contain a substantial amount (about 
one third of their mass) of unmelted powder, e.g. attached round their perimeters. Evidence to 
support this possibility comes from two directions: a) the simulated track masses reported here 
on the basis of the track boundary being the 7,500 kg/m^ boundary contour may be increased by 
c. 35% by expanding that boundary to include everywhere where any densification at all occurs; 
b) the experimental observations (Figure 3) frequently show irregular 'skirts' at the track bases 
(e.g. P = 77W, U = 2 to 10 mm/s for M2). Figure 7 is an enlarged view of the 4 mm/s track 
section. It shows the skirt occupying c. 30% of the track area. This is typical. 
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Or the model's assumption of heat transfer normal to the surface only by conduction is 
wrong. Associated with movements in the bed leading to cylindrical tracks, there may be powder 
motions that lead to more rapid movement of the melt front into the bed than by conduction. 
Powder movements are considered more next. Whether an absorption of 1.0 is realistic for CO2 
laser radiation incident on to a steel powder bed is also addressed. 

cylindrical melt volume 

Sinter bonded particles In catchment areas 

Figure 7. M2 track cross-section enlarged from Figure 3, P = 77W, U = 4 mm/s. 

Track photography. Viewing rounded track formation by eye, through the viewing 
window (Figure 1), revealed periodic melting of powder ahead of the main track. This has been 
recorded by video-filming through a MIG welding glass filter (actual tracks were bright orange, 
almost white, directly under the laser beam; without a filter clear images could not be obtained). 
Figure 8 is an example from filming a M2 track (P = 100 W, U = 1 mm/s). 

U (mm/s_        Approx. pos".   I secondary melting 
/of laser I      v 

pnmary melt volume I 
1/100 sec I   6/100 sec 

Additional melting       denude area 

Figure 8. Video stills from track filming for M2: P = 1 lOW, U = 1 mm/s, beam diameter 1.1 mm. 
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The first frame, at 0.01s, has marked on it the position of the axis of the incident laser 
beam, judged by where the melted track was brightest. 0.05s later, melting (marked 'secondary 
melting') is seen ahead of the track. This grows over the next 0.3s and finally flips (too fast to 
catch on film) into contact with the main track. The process starts again. In summary, tracks do 
not grow in length steadily but as a series of steps. In this example, the periodic time is about 
0.4s. This behaviour is seen qualitatively with all rounded tracks up to a scan speed of 4 mm/s, 
though filming has been only at 1 mm/s. As speed increases it becomes more difficult to resolve 
what is happening. A possible explanation of what is happening is illustrated by the sketch in the 
bottom right comer of Figure 8. Because the melt track is below the powder bed surface and has 
a steeply sloping nose, it is possible for the incident laser beam to be partly reflected from it on 
to the end wall of the powder trench in which the track sits. This double absorption opportunity 
will certainly lead to an increased a, but whether up to 1.0 is not clear. 

Single layer formation. Single layers have been created, based on understanding from the 
single track experiments. Two examples are discussed here (Figure 9), of M2 with P = HOW and 
U from 0.5 to 8 mm/s, at various scan spacings; and of HI3 at P = HOW and U = 4 mm/s. First, 

M2 

now (a) 

0.5 1.0 2.0 4.0 8.0 

110W(b) 

Rastering 
direction 

Rastering 
direction 

H13 
_J  

llOW(c) My   .. :' 

First track O.Smm/s @77W 

Rastering 
direction 

4.0 4.0 

Figure 9. Single layers, with scan spacing as a % of beam diameter; (a) 50%, (b) 100%, (c) 25%. 

the surface morphology of layers produced using M2 powder changed from flat to undulating 
and globular at the (P, U) condition where single tracks changed from flattened to rounded 
(Figure 3). Improvements in layer quality occurred with a scan spacing of 25% at higher speeds 
(8.0mm/s), but at lower speeds (1.0-2.0mm/s) the first two/three scan tracks within the layer 
were often globular and irregular. At a scan spacing of 100%, layers produced at 8mm/s had an 
undulating surface morphology and the fusion bond between tracks was usually weak, causing 
areas of porosity. If a scan spacing, as a percentage of single track width is considered instead of 
as a % of beam diameter, globular layers occur at values lower that -30% (as in the case for 
Figure 9a; l-4mm/s and b, 2mni/s) and undulating and low porosity layers occur at values greater 
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than -60%. Layers with improved surface quahty shown in Figure 9a, 8mm/s and b, 4nim/s 
have a scan spacing relative to the mek track width of 40% and 36% respectively. The only 
exception to this rule occurred in layers produced from flattened tracks (0.5mm/s) where surface 
quality had less dependence on scan spacing. 

Figure 9c makes a different point. Its general condition (P = 1 lOW, U = 4 mm/s) is in the 
rounded single track regime (Figure 3). The left panel shows the first track indeed to be rounded, 
but subsequent ones are not. Rounding of tracks is suppressed in layer formation with HI3 
powder more so than with M2 powder. How pre-existing tracks modify the absorptivity and heat 
capacity / conductivity environment of a currently melted track is currently under investigation. 
As a practical point, modifying the first scan power and speed (right panel of Figure 9c) to 
produce a flattened track at the start of each layer can improve the overall layer morphology. 

SUMMARY AND CONCLUSION 

Observations of the formation mainly of single tracks, but also layers, of three different 
steels (M2, HI 3, 3148) in deep powder beds are reported. In the absence of a constraining solid 
substrate, tracks may form with a flattened section, a rounded section that sinks into the bed or as 
broken or balled segments. The different laser power / scan speed conditions in which these 
occur are mapped and are similar for all three steels. A common observation is that there exists a 
scan speed range where melted mass increases with increased scan speed. This is not expected 
from constant power heating models. The speed range is the same as that in which single tracks 
change from a flattened to a rounded section with increasing speed. Track masses per unit length 
predicted by a thermal finite element model are in good agreement with experiment when 
flattened tracks are formed, using thermal absorption coefficients obtained independently, from 
measurements of temperature / time variations beneath a powder bed surface. To gain agreement 
when rounded tracks are formed, absorption coefficients close to 1.0 are required. This has led to 
the video-filming of track formation that has revealed that rounded tracks do not form in a steady 
manner, but in a way that can enhance laser power absorption, whether up to 100% is another 
question. Another factor that leads to more track mass than is calculated - from the assumption 
that all of a track is melted matter - is the possible inclusion of unmelted or partially melted 
material round the bottom of a track. 

A remaining question to be answered is what causes the change from a flattened to a 
rounded track cross-section. Even without answering it, observations of single track quality can 
be used to plan the processing conditions for single layers. Here differences of detail occur 
between one tool steel and another (M2 and HI3) with respect to the influence of laser power 
and scan speed on whether flattened or rounded muhi-tracks are formed. 
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Abstract 

This paper describes recent progress on the Direct Selective Laser Sintering of M2 [Fe- 
6W-5Mo-4Cr-2V-0.8C] high speed steel (HSS) and H13 [Fe-5Cr-lV-lSi-1.5Mo-0.4C] tool steel 
powders. Part B will focus on the microstructural evolution of laser scanned powder beds. It has 
been found that HI3 powders are more amenable to Direct Selective Laser Sintering than M2 
powders. Densities up to 90% are possible with HI3 powder compared with 70% for M2. The 
relationship between alloy composition, microstructure, post-scanned density and scan 
conditions will be discussed for single track, single layer and multi-layer constructions. 

Introduction 

Selective laser sintering (SLS) is one of the more important solid freeform manufacturing 
processes developed in the last 10-15 years [1]. One of the main applications of SLS is for the 
manufacture of prototype or low volume production tooling using steel powders. Commercial 
systems are available which generate parts from either polymer coated steel powders [DTM 
RapidTool 2.0^*^] or by processing a mixture of metal powders that contains a low meking point 
component [EOS DirectToof^]. The need to post process, i.e. infiltrate with bronze, or the 
reliance on a low melting point liquid, leads to components with poor mechanical and 
tribolological properties. This has led to a number of studies aimed to investigating Direct 
Selective Laser Sintering (DSLS) pre-alloyed metal powders with the aim of eliminating the 
above disadvantages. These studies generally made use of commercially available powder 
stainless steel [2, 3], and tool steels [4, 5]. Recently Dewidar [6] has reported studies on an 
experimental Mo-based High Speed Steel, a composition developed by Wright et .al.[7], 
specifically as a "process-friendly" grade for processing by conventional die pressing and 
vacuum sintering. Whilst it is possible to process Stainless Steel powders to densifies of+99% 
[3], less success has so far been achieved with tool steels. This paper presents results of 
investigations into the melting / densification behaviour of tool steel powders during DSLS 
which has the aim of identify ing the factors which control the ability to fabricate fully dense, 
multi-layer components. 

•^ 
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Experimental Techniques 

Three types of powder were used in this investigation. Annealed water atomised M2 
(WA-M2), gas atomised M2 (GA-M2) and gas atomised H13 (GA-H13). The water atomised 
M2 was sourced from Powdrex, UK and the gas-atomised powders were obtained from Osprey 
Metals Ltd, UK. The various size fractions used, along with Apparent Density and flowability 
(Hall Flowmeter) data are given in Table 1. 

Powder Type Size Fraction 
(nm) 

Apparent Density 
(gcm"^) 

Flowability 
(s/50g) 

WA-M2 <150/+75 
<75/+38 

<38 

2.14 
2.18 
2.60 

55.4 
59.8 

No flow 
GA-M2 150/+75 

<75/+38 
<38< 

3.97 
ND 
4.31 

23.7 
ND 

No flow 
GA-H13 <150/+75 

<22 
4.17 
3.41 

20.2 
no flow 

Table 1. Powder Properties of materials investigated 

Selective laser sintering was performed on specially constructed machines at the 
Universities of Leeds and Liverpool. The Leeds machine includes a 250W continuous wave 
(CW) CO2 laser. Preliminary studies were conducted at a Beam size of 1.1mm diameter. This 
was subsequently reduced to 0.55mm diameter. Galvanometer controlled mirrors direct the laser 
beam within a 70.0mm diameter build area which is housed in a 300 cm^ (L = 460mm, H = 
260mm, and D = 250mm) chamber capable of sustaining a variety of atmosphere conditions 
including an absolute pressure of lOmbar. Details of this machine are given in Reference 2. In 
this study, the atmosphere inside the chamber was high purity argon (bottled argon at 99.9% 
purity). The chamber was evacuated to 30 mbar followed by a 15 min pre-sinter purge with 
argon at atmospheric pressure. During sintering the gas pressure inside the chamber was 30mbar 
above atmospheric. The Liverpool system, described by Morgan, et. al. [3], consists of a Rofin 
Sinar 90W, flash lamp pumped Q-Swiched Nd : YAG laser. An analogue galvanometer-scanning 
head attains beam position over an area of 80 x 80 mm2. Pulse repletion rates are in the range 0 - 
60kHz and minimum beam diameter is 80)am. The shroud gas was nitrogen 

The two systems employed different approaches to placing layers of powder. In the Leeds 
machine, the initial powder layer comprised loose powder to a depth of 5 mm contained in a mild 
steel tray. This layer was levelled with a blade to ensure a flat powder surface. Subsequent layers 
were deposited using a hopper system. The layer depth was 0.4 mm. In the Liverpool machine 
mild steel sheet was used as a substrate. In this system, the powder delivery system, which 
employs a counter rotating roller system [3], was optimised for an even 100|im coating of 
powder to be layered for every build layer. Whilst all size fractions studied could be processed 
on the Leeds machine, the Liverpool machine was restricted to processing just the <38nm and 
<22^m fractions. 
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After sintering samples were prepared for metallographic examination by mounting and 
grinding on SiC paper to 1200 grit, then polished on cloths impregnated with 6 and l^im 
diamond. Polishing was completed using 0.05|im y-alumina. Samples were studied in the etched 
and un-etched conditions. M2 samples were etched in 5% Nital whilst 10% Nital was used for 
the HI3 specimens. Samples were examined using both optical and scanning electron 
microscopy techniques. 

Isopleths were calculated for the M2 and HI3 systems using ThermoCalc™ 
[www.thermocalc.se] software and the SGTE SSOL database in order aid with both the selection 
of post-processing conditions and interpretation of microstructures, Figure 1. 

. L»t»M«CtMC 

r+MC.Meo 
■ . msce > wc 

A 0.5 1.0 1.5 
WEIGHT_PERCENTC 

TL = 1744K 

Ts=1634K 
tT,., = lIOK 

I, + MC+T 

1000 

A 0.5 1.0 1.5 2.0 
WEIGHT_PERCENT C 

2.5 

(a) (b) 
Figure 1.    Calculated Isopleths for (a) Fe-6W-5Mo-4Cr-2V-C, and (b) Fe-5Cr-l V-lSi- 

l.SMo-C systems 

Results and Discussion 
M2 Powders 

Typical SEM micrographs of the "as-received" powders are given in Figure 2. 

(b) (c) 
SEM micrographs of M2 powders, (a) WA-M2 <150nm, (b) GA-M2 <38nm, 
(c) GA-M2 <150/+75nm size fractions. 

The water-atomised powder was composed of highly irregular particles and, as such, is 
typical of this method of powder production. As expected the gas-atomised powders were 
composed of spherical particles. However, whilst the >38M.m GA-M2 size fraction consisted of •• 
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spherical particles with smooth surfaces [Figure 2(b)] the particle surfaces of the coarser 
fractions were much rougher due to the presence of many smaller satellites formed as a result of 
collisions during atomisation, Figure 2(c). 

(a) (b) 
Figure 3     Microstructures of M2 powders, (a) Gas atomised <150/+75. Note the fine 

carbide network, (b) Water atomised <38nm fraction. Note fine discrete 
carbides. 

At the outset of this work two strategies were envisaged for the manufacture of high 
density, multi-layer components; 

(a) Partial melting of successive powder layers forming sufficient liquid to bond both 
powders and layers together, followed by a post processing sintering step. High Speed 
steels are one of the few alloys systems that are commercially sintered to full density (i.e. 
+99% relative density) via a supersolidus liquid phase sintering mechanism [7]. The aim 
of the post processing step would be to vacuum sinter the laser sintered performs at a 
temperature of ~1260°C, the optimum sintering temperature for conventional die-pressed 
M2 powders [10], initiate controlled re-melting, inducing densification through particle 
rearrangement and solution - re-precipitation mechanisms [7]. The challenge was to 
produce intact laser sintered performs which, in order to avoid distortion during post- 
processing sintering, contained uniform distributions of porosity 

(b) Complete re-melting of powder layers. 

The heating and melting behaviour of each batch of M2 powder was systematically 
studied using the CO2 laser SLS machine at Leeds in order to identify appropriate processing 
conditions to achieve the two processing strategies. Single tracks were produced for a wide range 
of Laser power and scanning conditions. In common with previous investigations [2, 6] the 
results for M2 are presented as process maps. Figure 4. 

^ 
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Figure 4.    CW CO2 laser process maps for gas-atomised M2 <150/+75p,m fraction (a) 
1.1mm and (b) 0.55mm spot size. 

A feature of the process maps was that the size of the regimes and the positions of the 
boundaries defining each regime were comparable, irrespective of whether the powder was gas 
or water atomised and size fi-action. Reducing spot size had a only small effect on increasing the 
size of the continuous melting regime, e.g. Figures 4(a) and 4(b). Attempts were made to 
fabricate single and multi-layer blocks (12x12x12 mm^) using conditions located within the 
partial melting and continuous melting regimes using the CO2 laser SLS machine, Table 2. 

Size Fraction 
(Jim) 

Beam 
Overlap 

(%) 

Power 
(W) 

Scan 
Speed 

(mms"') 

Spot Size 
(mm) 

Comments 

■^J 0water atomised 25 60 60, 100 1.1 Single Layer 
<3ogas atomised 25 50,100 70,130 1.1 Single Layer 
< / j/+3 Owater atomised 25 50,100 70,130 1.1 Single Layer 
<150/+75Bas atomised 25 50,60 100,130 1.1 Single Layer 
<150/+75gas atomised 25 130,135 8 0.55 Multiple Layer 
< / j/+JOgas atomised 25,75 130 5,8 0.55 Multiple Layer 

< / j/+i ©water atomised 25,50,75 130 5,8,10 0.55 Muhiple Layer 

Table 2.     Conditions used to process M2 powders using CW CO2 Laser 

Irrespective of powder type or particle size fraction, attempts to produce multi-layer blocks were 
unsuccessful using conditions located within the partial melting regime were unsuccessful. The 
sub 38|im water and gas atomised size fractions were difficult to spread, layers tended to form 
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furrows. However the major issue with processing within the partial mehing regime was that at 
the conditions studied, insufficient meking took place to bond the next layer on to the previous 
layer, making it impossible to build intact blocks. Thus it was not possible to pursue fabrication . 
of multi-layer components for M2 via strategy (a). Multi-layer blocks made from 25 individual 
layers were fabricated using conditions within the continuous melting regime. Unfortunately, the 
resultant blocks were very porous. 

Using the Liverpool SLS system, it was possible to scan at up to 500 mms"' and operate 
either in pulsed or continuous modes. Initial experiments were performed using water atomised 
M2 at scan speeds of 10 -500mms"', laser current 16-20A, Spot size = 0.1 mm. Beam overlap of 
25-80%, pulse repetition frequency of OkHz. The layer thickness was 100|am. Both single and 3 
layer samples were produced. A feature of the scaimed areas, though, was that they contained 
large amounts of un-melted powder. Removal of this by ultrasonic cleaning revealed that the 
beds were very porous, Figure 5(a). The porosity levels were unaffected by scanning conditions. 
This high level of porosity was attributed to the low apparent density of the water atomised 
powder arising from its highly irregular shape. Table 1, and the layer thickness. In previous 
studies with 316L stainless steel, operating in pulsing mode blocks with 100% relative density 
being obtained [4]. Consequently, additional experiments with M2 powders were carried out at 
layer thickness of 100 and 50|am, pulse repetition frequencies of 40 and 50kHz, scan speed = 500 
mms"', current = 20A, spot size = 100|im, beam overlap = 50%. Blocks 5 x 15 x 15mm^ were 
produced. Operating in pulse repetition mode resulted in an increase in density compared to 
continuous mode. However densities were only 5.5 gcm"^, i.e. -70% relative, and were 
independent of processing conditions. Figure 5(b). 

(a) (b) 
Figure 5.    Micrographs of Nd : YAG laser scanned multi-layer M2 (a) <38^mWA-M2, 

400 mms"'scan speed, 50% beam overlap, current 20A, spot size 0.1mm, (b) 
500 mms''scan speed, 50% beam overlap, current 20A, spot size 0.1mm, 
pulse rate 40kHz. (lOOp-m layer thickness). 

Despite the higher apparent density of the <38|a.m gas atomised powder. Table 1, use of this 
powder had no beneficial effects on the density of laser scanned blocks, de"hsities were similar to 
those obtained for <38|am water atomised M2 powder. 
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The microstructures of samples produced on the two systems were comparable and 
independent of starting powder. Single layers produced using the CO2 laser operating within the 
partial melting regime contained regions of un-melted powder, Figure 6(a). The melted regions 
had a very fine cellular - dendritic structure (grain size <10|am) with fine eutectic networks at 
grain boundaries, Figure 6(b). Partially mehed regions were also visible [Figure 6(c)]. 

^Gssp-^'.'   "1- .   ««•■.-"■■ •'■'»*«& r "^'A, ■.:,-, i: -l ' -h ■;'. .. -skMM B-js'-.Vl.'   :. - f.i ■■ p.,-: it. ■   '.'i.'i.'.'Wt 

(a) (b) (c) 
Figure 6 CW CO2 M2 single layers at 1.1mm spot size, (a) OS^im, 60W, 25% beam 

overlap, lOOmms"' Scan speed, (b) <38|im, 60W, beam overlap 25%, scan ^ 
speed 70mms"', (c) <38|xm, 60W, beam overlap 25%, scan speed lOOmms" . 

The dark areas [Figure 6(c)] are believed to be ferrite, suggesting that these regions been 
reheated to within the L + 7+ a or L +y region of Figure 1(a). Two types of eutectic were 
observed. Given the small size of the eutectics it was not possible to identify them using X-ray 
microanalysis. However based on both grey levels in Back Scattered Electron imaging (Atomic 
Number contrast) and eutectic morphology, it is possible to identify the carbide components as 
MeC (Fe-W-Mo rich) and M2C (Mo-W-Fe -V rich) [8]. Irrespective of composition or cooling 
rate, MeC adopts a characteristic "herringbone" structure. The presence of M2C is not expected 
from Figure 1(a), instead V rich MC would be expected to form under equilibrium cooling. High 
cooling rates, such as those of laser processing techniques, favour M2C formation over MC [8]. 
M2C eutectic can adopt one of three morphologies, feathery, cellular or lamellar [8]. High 
cooling rate also favours the formation the cellular morphology observed in the SLS samples [8]. 
Microstructures of single layer samples processed in the continuous melting regime were 
comparable, the only difference being a reduction in the amount of un-melted powder present. 

Examination of the multi -layer samples revealed that re-melting was taking place to a 
depth of 2-3 layers. For example in the blocks produced from 25 powder layers on the CO2 laser 
system only 13 layers were visible afterwards. In terms of eutectic type and morphology, 
presence of partially melted regions, the microstructures were identical to the single layer 
samples. However an important additional microstructural feature was the presence of coarse 
eutectic layers within the blocks, e.g. Figure 7(a), believed to be formed by epitaxial 
solidification at solid-liquid interfaces. 

^ 
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(a) (b) 
Figure 7     Micrographs of M2 CW CO2 laser multi-layer specimens (a) GA-M2 

<150^m<38|xm, 60W, 25% beam overlap, 70mms"' Scan speed, 0.55 mm 
spot size (b) Post processed sample - 1260°C for 60 min. 

Eutectic structures in High Speed Steels are considered to be detrimental to mechanical 
properties. Hoyle [9] demonstrated for conventional cast HSS that it was possible to refine the 
"as cast" eutectic structures by reheating to just above the solidus followed by slow cooling. In a 
similar manner, the multi-layer blocks were subjected to a post processing step which involved 
heating in vacuum at 10°Cmin'' to 1260°C, the optimum Supersolidus Liquid Phase Sintering 
temperature for M2 powders [10], holding for 60min then furnace cooling at an average rate of 
~2°Cmin'' to room temperature. Whilst this treatment did not produce any further densification, 
it resulted in the breakdown of the eutectic structures; networks being replaced by fine, discrete 
carbides with regions such has those of Figure 7(a) being replaced by coarser carbide clusters, 
Figure 7(b). This is considered significant because even if M2 powders could be processed to 
-100% density by DSLS, such regions would be potential points of weakness since it is known 
that in cast wrought and powder metallurgy processed HSS that carbide clusters are preferred 
sites for crack nucleation at low applied stresses under static and dynamic loading [11]. 

H13 Powders 

The Gas atomised HI3 powders were spherical with minimal satellites. The microstructure of 
"as-received" powders comprised cellular-dendritic grain structure with continuous grain 
boundary carbide films, Figure 8. The grain size decreased with particle size. 

(a) (b) 
Figure 8.    Microstructure of gas atomised H13 <150/+75|^m size fraction 

Figure 9 shows the Process Map for <150/+75|im powder processed using a 0.55mm spot size on 
the CWCO2 system. 
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Figure 9.    CW CO2 laser process maps for gas-atomised H13 <150/+75 |j,m fraction, 
0.55mm spot size 

Comparing Figure 9 with Figure 4(b), it can be seen that the process map for HI3 is comparable 
to those for M2 powders. Interestingly, processing HI3 powders within the partial melting 
regime of Figure 9 was slightly more successful than with M2 in that it was possible to produce 
multi-layer blocks. The individual layers were -1/3 thinner than for M2 processed in the same 
regime but these multi-layer blocks were very porous and fragile. Figure 10(a). 

Much more promising results were obtained with HI 3 compared to M2 in the Nd : YAG SLS. 
Processing at condition of Pulse repetition frequency of 30kHz, scan speed 500mms'\ current 
20A, spot size 100|am, beam overlap 50% give well-bonded, multi-layer blocks with a density of 
90%, cf Figure 10(b) and Figure 5(b). 

(a) < 150/+75|xm size fraction (b) <22iam size fraction ^ 
Figure 10. HI3 multi-layer samples (a) CW CO2 laser at 0.55mm Spot size size, 5mms' 

scan speed, 50% Scan spacing, 32W Power, (b) Nd : YAG laser at 500 mms' 
'scan speed, 50% beam overlap, current 20A, spot size 0.1mm, pulse rate 
30kHz. (lOOum layer thickness) 
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Figure 11 shows typical microstructures produced for continuous melting using the Nd: 
YAG system and partial melting using the CO2 system. 

- It. ■<._. 

(a) (b) 
Figure 11. Micrographs of HI 3 powders scanned at same conditions as Figure 10. 

(a) Nd : YAG laser [Pulsed Mode], (b) and (c) CW CO2 laser 

Processing using the Nd : YAG laser produced a fine, grained cellular - dendritic size with 
continuous grain boundary carbide films. Figure 11 (a). The matrix was martensitic. Carbide 
depleted zones were observed [Figure 11(a)] and in some areas there was no bonding between 
layers. Due to the fineness of the microstructure, this carbide phase could not be identified using 
X-ray microanalysis. However, unlike M2, coarse carbide clusters were not observed at 
interfaces. Superficially the microstructures of the samples produced by processing in the partial 
melting regime of the CO2 laser were similar to those produced by Nd : YAG laser scanning. 
They appeared to consist of a cellular - dendritic grain structure, a martensitic matrix and 
continuous grain boundary carbide films, Figure 11(b) and (c). Detailed observation using SEM 
revealed a more complex situation in that the network features were simply regions of 
differential contrast, they were crossed by austenite grain boundaries and by individual 
martensite laths. Figure 11(c). X-ray microanalysis indicated that these regions were slightly 
richer in Chromium than the grain interiors. This type of structure could arise due to reheating of 
a previous solidified layer during subsequent scarming of the top layer of powder. The carbides 
present in laser scanned HI3 materials have yet to be positively identified but it can be inferred 
from Figure 1(b) that non-equilibrium solidification will result in the formation of Cr rich M7C3 
carbide in preference to vanadium-rich MC predicted for equilibrium solidification. M7C3 
carbides readily dissolve in austenite at temperatures above ~950°C. Reheating for a short time, 
at a temperature below the solidus sufficient to dissolve the carbides, yet high enough to form 
austenite, followed by rapid cooling could, in principal, produce the microstructure seen in 
Figure 11 (c). Carbon diffusion rates are much high in y-Fe than Chromium diffusion rates and, if 
the time at temperature is insufficient for homogenisation, a coring effect will result, as indicated 
by X-ray microanalysis. Once the carbides have dissolved there will be no pinning effect and an 
austenite grain structure will form with grain boundaries cutting across the cored regions. The 
austenite will transform to martensite on cooling with individual laths passing through cored 
regions. It is not yet understood why this structure was not observed in the Nd : YAG processed 
powders. 

The results presented here indicate, as with the previous studies of Nui and Chang [4, 5], 
that gas-atomised powders are more suited to the DSLS approach than water-atomised powders. 
Whether this is due to the higher oxygen content of water-atomised powders, as suggested by 
them or particle morphology have still to be established. For example, are the differences in 
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behaviour due to lower apparent density of water atomised producing less dense powder beds or 
is due to the bed powder flowability and how the powder interacts and flows into the moving 
melt pool. More interestingly, the current studies have shown that HI3 powders are more 
amenable to DSLS than M2 powders. Given that powder properties for the two compositions are 
comparable this would suggest that alloy composition has an important role to play, particularly 
since similar sized stainless steel powders can be processed to 100% density [3]. The reasons for 
this are the subject of ongoing investigations. 

Conclusions 

[1] M2 high speed steel powders are not amenable to processing to full density by a DSLS 
processing. The maximum density achieved in multi-layer samples, using pulsed Nd : YAG 
processing was only 70% relative. Much lower densities were obtained using CW CO2 and CW 
Nd : YAG processing operating in the same continuous melting regimes. 

[2] Gas-atomised HI3 powders are amenable DSLS with densities of 90% relative being 
achieved using pulsed Nd : YAG processing operating in a regime of continuous melting 

[3] The reasons for the differences in processing behaviours of M2 and HI 3 powders of similar 
powders properties are, as yet, unclear. 
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Abstract 

The applicability of laser melting in fabrication of Ti-Ni shape memory alloy was 
investigated experimentally. Elemental powders of Ti and Ni and mechanically alloyed (MA) 
TiNi powder were used to fabricate specimens. The effects of powder characteristics on the 
microstructure and shape memory characteristics of the alloy were examined. The morphology 
and microstructure of the laser-melted specimens were varied with fabrication conditions. Parts 
fabricated from elemental powders exhibited a shape memory effect, but those from MA powder 
did not exhibit it, although the latter showed more homogeneous microstructure than the former. 

Introduction 

Laser sintering or melting is one of the rapid prototyping processes which can produce 
complex-shape parts directly from metals and ceramics powders, and this process has been 
applied to fabricate various parts, molds and so on[l-3]. Shape memory alloys, especially Ti-Ni 
alloys, are widely applied as joints, springs, actuators in the field of industry as well as functional 
elements in the filed of medical, energy industry and so on because they have not only excellent 
shape memory characteristics but also superior erosion and corrosion resistances. One of the 
authors has been reported that shape memory alloys fabricated by a pulse-current pressure 
sintering method have superior thermo-mechanical characteristics[4-6] and high erosion and 
corrosion resistances[7,8]. However, since the sintering of elementally blended powders resulted 
in inhomogeneous microstructure in the sintered compacts, it was found that the alloys obtained 
have some problems in fatigue properties and temperature-response. Also, since it is difficult for 
the pulse-current pressure sintering technique to fabricate complicated-shape parts, the 
application of laser sintering or melting to fabrication of shape memory parts is significant. But 
there have been no reports on the application of this technique to shape memory alloys. 

In this study, we attempt to fabricate Ti-Ni shape memory alloys by CO2 laser melting. 
The laser melting conditions are investigated experimentally, and the microstructure and shape 
memory characteristics of the laser-melted specimens are also examined. 

Experimental Method 

Experimental procedure 
In this study, we used a gas-atomized Ti powder and a carbonyl Ni powder. The mean 

particle diameter and chemical compositions are shown in Table 1. We prepared two types of 
powders: (1) Ti-50.2at%Ni elementally blended powder and (2) Ti-50.2at%Ni mechanically 
alloyed (MA) powder. The blended powder of Ti and Ni was prepared by a V-blender at the 
composition of Ti-50.2at%Ni. The MA powder was fabricated by means of a planetary ball mill. 
The ball to powder weight ratio was 5:1. The powder mixture of Ti and Ni powders milled 
together with stainless steel balls in an atmosphere of argon gas at various rotational speed for 
various milling time between 3.6 ks and 360 ks. In this study, we used the MA powder milled at 
500 rpm for 36 ks. The MA powder obtained was in amorphous state judging from the result of 
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X-ray diffraction patterns as shown in Fig.l. The oxygen and carbon contents of this powder 
were 0.28 mass% and 0.075 mass%, respectively. These powders were filled into an aluminum 
die coated with carbon spray and then laser-melted by means of a CO2 laser equipment. 

Table 1 Mean particle diameters and chemical compositions of Ti and Ni powders 

Powder 
Mean particle 

diameter 
(um) 

Chemical compositions (mass%)       | 

Fe 0 N H c 

Ti 
Gas-atomized 
powder 24 0.053 0.13 0.005 0.007 0.009 

Ni 
Carbonyl 
powder 

6.2 0.003 0.069 — — 0.078 

3 
ra 

(A 
c 
a> 

4-* c 

SOOrpin 

30 40 50 100 

Fig.l 

60        70 

20 r ) 
X-ray diffraction patterns of MA powders 

The laser melting process scheme consisted of a CO2 laser beam raster-scanned along a 
rectangular area, so that a pseudo-energy line source was traversed over a pre-placed powder. 
The laser beam was focused down a spot of diameter 0.35 mm +/-0.05mm. By altering the 
density of scan lines per inch, the width and length of the scan pattern, the scan step and scan 
period, multiple combinations of scan speed (Vs 508-816 mm/s) and traveling speed (Vt 
0.41-3.05 mrn/s) were achieved. The laser power delivered at the free surface corresponded to 
152-334 W. Fig. 2 shows a schematic diagram of this setup. The powder was compacted 
manually inside a rectangular trough of dimensions 25.4 mm x 12.7 mm x 6.35 mm carved out in 
an aluminum holder of dimensions 50.8 mm x 76.2 mm x 25.4 mm and placed inside of the right 
piston in the CO2 laser processing chamber. The trough was previously spray-coated with 
graphite to prevent melting of the aluminum and ease the removal of the cast material. The 
powder surface was then leveled so that it matched the focal position of the laser beam. The 
chamber was initially brought to a rough vacuum of approximately 250 mmTorr; the powder was 
then allowed to degas for 24 hours under a vacuum of 60 mmTorr. During the laser melting, 
argon gas was purged directly to the processing zone from an annular ring located above the 
powder bed. 

The microstructures of the specimens were examined by optical microscope, scanning 
electron microscope with EDX and X-ray diffractometer. The shape memory characteristics were 
examined by DSC equipment. 
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LASER BEAM 

Powder 
Holder 

Fig. 2 Schematic diagram of the laser mehing of a shape memory alloy powder. 

Results and Discussions 

Effects of laser melting conditions on the shape and surface conditions of scan tracks 
It is significant to investigate the laser melting conditions, such as laser powder, scan 

speed, traveling speed and so on, in order to fabricate superior laser-melted bodies. Therefore, we 
investigated the effects of laser power, scan speed and traveling speed on the shape and surface 
conditions of scan tracks. Figure 3 shows the change in shape of scan track of blended powder 
with scan speed and traveling speed. In the case of higher power (334 W on the surface), higher 
scan speed (816 mm/s) and lower traveling speed (0.41 mm/s) as shown in Fig.3(a), the 
continuity in shape of the laser-melted body is lost and the laser-melted body becomes round in 
shape during the melting-solidification process. This may be because the powder absorbed too 
much amount of energy due to higher laser power and lower traveling speed. These conditions 
create a large and deep melt pool having a surface thermal gradient along both the traveling and 
scanning directions. This in turn induces a surface tension gradient in the liquid, that favors the 
formation of surface ripples behind the laser moving front [9]. When the traveling speed is slow, 
low frequency high amplitude ripples tend to develop which become fi-ozen after solidification. 
Moreover, a large size melt pool will take longer to solidify and so its surface is exposed to 
oxygen contamination for longer periods. This surface adsorbed oxygen could also be responsible 
for the "balling" effect observed by further increasing the surface tension of the liquid. 

On the other hand, in the case of lower power (169 W on the surface), lower scan speed 
(508 mm/s) and higher traveling speed (3.05 mm/s) as shown in Fig.3(b), although fewer 
"balling" of the surface is observed, the continuity in shape of the body can be obtained and the 
surface shows to be fairly smooth. In this case, the melt pool is less deep and narrower; a thermal 
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gradient mainly develops parallel to the traveling speed. The surface tension gradient will now 
cause ripples to have high frequency and low amplitude, providing a smoother surface. 
Additionally, solidification occurs at a faster rate on the melt pool and less time is available for 
surface ripples to fully develop. These ripples are of a high frequency due to the faster traveling 
speed. 

Figure 4 shows the shape of scan track of the MA powder. Comparing with the shape of 
scan track of the blended powders, although some large pores exist in the body, the surface is 
smooth and few "balling" are observed. This existence of some large pores may be caused by 
higher oxygen and carbon contents in the MA powder. 

_1Dmm_ 

"•5" .i!)Bi;ii^-l«f?;; ■:.■..•>...' 

(a) Vs=816 mm/s, Vt=0.41 mm/s (b) Vs=508 mm/s, Vt=3.05 mm/s 
Fig.3 Change in shape of scan tracks of the blended powder with scan speed and traveling speed 

 ■"■•■;"T»;!?'i;';rr?;;'™ 

Fig.4 Shape of scan track of the MA powder 

Effects of powder characteristics on the microstructure 
Figure 5 shows the microstructure of laser-melted body of the blended powder. The 

microstructure appears to be that of a liquid sintered particles and the size of sintered clusters is 
different depending on the position in the body. This indicates that partial melting of the blended 
powder took place. However, at the center the structure is more homogenous, dense and has a 
cellular structure appearance. This figure corresponds to the microstructure along a vertical 
direction to the laser traveling speed, that in the horizontal direction to the laser traveling speed 
was also similar. This fact suggests that the solidification took place rapidly and the concentration 
gradient of oxygen in liquid state existed in the body as already reported[10]. Figure 6 shows 
comparison in microstructure of the laser-melted body between the blended powder and the MA 
powder. The microstructure of the blended powder shows to be that of a liquid sintered particles, 
while that of the MA powder is a very fine cellular structure. This is caused by difference of 
powder characteristics between both powders. In Fig.6(a) and Fig.7, the liquid sintered particles 
of symbol A is primary TiNi and the lamellar structure of symbol B is a eutectic mixture of TiNi 
and Ti4Ni20 as reported by Shugo et al.[10]. Comparing with the microstructure in this reference 
and Fig.6(a), the oxygen content is estimated at about 0.3 mass%. 

In the case of blended powder, the concentration gradient in the liquid alloy results in 
existence of the lamellar area. The distributions of Ti, Ni, O and C elements were examined by 
means of a SEM with EDX. Scanning electron micrographs and EDX analyses of the 
laser-melted bodies of the blended powder and the MA powder are shown in Fig.7 and 8, 
respectively. In the case of blended powder, the liquid sintered particles and the lamellar structure 
exist as shown Fig.7(a). The distributions of Ti and Ni elements of the lamellar area (B) are little 
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different from those of the liquid sintered particles (A) as shown in Fig.7(b) and (c). 
On the other hand, in the case of the MA powder, the lamellar area is not observed 

probably because the MA powder is not only alloy but also amorphous state. In this case, since 
very small particles were observed in optical microstructure as shovra in Fig.6(b), the EDX 
analysis was carried out. The results of SEM observation and EDX analyses in Fig.8 do not 
suggest existence of precipitates such as oxides or carbides except the generation of very small 
pores due to higher oxygen and carbon of the MA powder. 

200|L/m 
Upper surface Center 

Fig.5 Microstructure of laser-melted body of the blended powder. 

(a) Blended powder (b) MA powder 
Fig.6 Comparison in microstructure of laser-melted bodies between the blended powder and the 

MA powder 

lOjwm 
(a) SEM (b)TiK„ (c)NiK„ 

Fig 7 SEM and EDX analyses of laser-melted bodies of the blended powder 
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(a) SEM (b)TiK, (c)NiK„ 

(d)OK, (e)CK„ 
Fig.8 SEM and EDX analyses of laser-melted bodies of the blended powder 

Comparing with the microstructure of sintered body by a pulse-current pressure sintering, 
the microstructure of the laser-melted body is greatly different from that of the sintered body. In 
the case of the as-sintered body of the blended powder, the microstructure is very inhomogeneous. 
Therefore, the solid-solution treatment is needed to homogenize the structure for a long time[4-6]. 
The results of X-ray diffraction patterns of the laser-melted body of the blended powder and the 
MA powder are given in Fig.9. It is found from this figure that the microstructure of laser-melted 
body is consisted of homogeneous TiNi phase in every laser-melted conditions. This suggests 
that the laser-melted body may show the shape memory effect. Since the peak of TiNi phase in 
the MA powder is higher than that in the blended powder, the microstructure of the former is 
more homogeneous and dense than that of the latter as shown in Fig.6. In the case of the sintered 
body, similar results were obtained. Thus, the MA powder results in more homogeneous and 
dense structure of the laser-melted body. 
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Fig.9 X-ray diffraction patterns of laser-melted bodies of the blended powder and the MA powder 
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Shape Memory Characteristics 
In this study, the existence of the shape memory effect was examined by DSC 

measurements. The resuUs of laser-mehed body of the blended powder and the MA powder are 
shown in Fig. 10. In the case of the blended powder, since the peaks of exothermic and 
endothermic reactions are observed clearly, this body has the shape memory effect. The 
martensite peak temperature and the reverse transformation peak temperature are 294 K and 333 
K, respectively. The latter is nearly equal to the peak temperature of the wrought material of the 
same composition, but the former is lower than the peak temperature of the wrought material. On 
the other hand, in the case of the MA powder, since the peak of both reactions is not clearly 
observed regardless of homogeneous TiNi phase as described above, the body does not show the 
shape memory effect. This is because the MA powder contains high oxygen and carbon as 
already reported in the case of sintered materials [11]. The lower oxygen and carbon of the MA 
powder resulted in the shape memory effect of the sintered body. Therefore, it is important to use 
lower oxygen and carbon powder in order to fabricate superior shape memory alloys. 
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Fig. 10 DSC results of laser-melted alloys of the blended powder and the MA powder 

Conclusions 

In this study, we attempted to fabricate Ti-Ni shape memory alloys by CO2 laser melting. 
The laser melting conditions were investigated experimentally, and the microstructure and shape 
memory characteristics of the laser-melted specimens were also examined. The results obtained 
are as follows: 
(1) The laser-melted specimens having continuous columnar (i.e., rod-like appearance) shape and 
smooth surface can be fabricated in both cases of the blended powder and the MA powder at the 
power of 169 W on the surface, the scan speed of 508 mm/s and the traveling speed of 3.05 
mm/s. 
(2) The microstructure of the blended powder resembles that of liquid smtered particles, while 
that of the MA powder consists of very fine cells. The MA powder results in more homogeneous 
structure of the laser-melted body than the blended powder. The laser melting blended powder is 
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less dense than the MA powder. 
(3) The laser-mehed specimen fabricated from elemental powders exhibited clearly a shape 
memory effect, but that from MA powder did not exhibit it, although the latter showed more 
homogeneous and dense microstructure than the former. 
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