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ABSTRACT

Selective laser melting (SLM) is limited by the lack of composite powders
available for purchase. This thesis focused on additively manufactured boron nitride
nanoplatelet-reinforced titanium composites that maintain the structural integrity of
traditional titanium alloys while promoting an increase in hardness and wear resistance.
Boron nitride nanoplatelets (BNNP) were used as reinforcements due to their
two-dimensionality and large surface areas. These properties aid in alloying with the
spherical titanium powders without significant powder morphology. Titanium alloy
(Ti-64) was researched to form a baseline of the properties expected and was used as the
control. Titanium metal matrix composites (Ti-MMC) were produced using spatial arrays
created using bulk Ti-64 mixed with Ti-BNNP composites forming regional
microstructures. These spatial arrays consist of 0.5, 1.0, and 2.5 vol% composites with
dispersions of reinforcement rich and reinforcement deficient regions. Each part was
fabricated using SLM, and heat treatment took place upon fabrication to compare
microstructure and porosity changes. Hardness testing and dry sliding tribological testing
was performed to evaluate mechanical properties and wear resistance exhibited by
Ti-MMC reinforced with nitrides. The addition of BNNP, even at low volume
percentages (0.5 vol%), resulted in an increase of localized hardening with the max

hardening increase of 36% (2.5 vol%).



THIS PAGE INTENTIONALLY LEFT BLANK

vi



II.

TABLE OF CONTENTS

INTRODUCTION AND BACKGROUND.....tiiiruiinrnricsnncssnecssnsncssssncsanns
A. TITANIUM AND BORON NITRIDE BIOMEDICAL
APPLICATIONS ..uuciiiiiiiniinensnensnnesssessncsssessssssssssssssssassssesssassssesss
1. Fields Of USe....uuueinercsuensnnnsnensnccsnensnecsensnecssesssnecssesssesssesnns
2. BiocomPatibility .....cccoveeecvvnriisnicisnncssencssnnicssnnccsnesssnsnessssnesanns
3. Corrosion ReSIStANCE .....cccvvuereecssreniecsssanencsssnsrecssssssssssssssssssnes
4. Fretting.....eeiiccnnsnricsissnnnecsssnnncssssnnsessssssssessssssssssssssssssssssssees
B. ADDITIVE MANUFACTURING ....ccccvvricssunicssancsssaresssssssssssssnssssones
1. 3 0] 11) o) 2R
2. DIrect AM ..cuuiicveeiseicsnensnnnsnensseccssessssecssnssssssssessssessssssssasssassnns
C. BENEFITS....uuoiiiiiiiinininninnninstisssicssssssssssssssssssssssssssssssssssssssens
1. Precise DeSiZNS ....ccccvceericcissnnricsssnnicssssnnsecsssssssessssssssssssssssssssnns
2. Waste ReAUCLION .....ccovvuerriciisnriccsssnricssssnnrecssssssnssssssssssssssssees
3. MILItAry USE ..cccueeerrerecssancsssnncssnncsssnssssasssssasssssssssssssssssssssnsssssnes
4. Commercial Use ......oeecuenneensecnsnecsenssnenseecssnecssensssesssncssecaees
D. CHALLENGES.....uootiintintnnntenniinninnecssessnssssessessssesssssssssssesnss
1. NTVE] E:1 011 11 7N
2. POSt-ProCeSSING...cccccrcunriisissnnrecssssannesssssssnsssssssessssssssssssssssssssnns
3. Osseointegration Challenges ..........coccvueeececsnerecsssnnsccscnnnscsnns
E. POWDER PROPERTIES ......ccconviiinninisnisssanisssnnssssasssssssssssssssssssssonns
F. THESIS OBJECTIVES....iiiiiinntinnecnnecsnensnesssessssesssnsssscsssesnne

ADDITIVE MANUFACTURING OF TITANIUM METAL MATRIX

COMPOSITES OVERVIEW AND STATE-OF-THE-ART ........ccccccevueeeee.
A. MATERIAL PROPERTIES ......ccnniiiinnnnniicnnssnniecsssnsscsssssssscssssasssssnes
1. Ceritm OXide ...cciieeeeiinssssnseeiecessssscsssssssseccssssssssssssssscssssssonsasssss
2. Boron Nitride...eeeiiicciiiinnsssnnsiicccssscsssssessssccssssssssssssssscsssssssens
B. POWDER.....uciieeiiinnnnniicnnnnnniicssssssicsssssssscsssssssssssssssssssssssssssssssssssssses
1. Powder Fiber Reinforcements ..........cccccveeeecciceeiccscsnnsccsssnnseces
2. Powder Morphology ........ceiccveicnseicssnnicssnncsssncssnsncssssncsenns
3. FIOWADILLY cccueeennennnrinninnninnnensnensnensnessnenssnesssnesnesssnsssnesssnesnns
C. FABRICATION ...ccciiiiietticcnnnenccccsnseccsssnsseccsssnssscssssssssessssssssssssnsssssssns
1. Energy Densities......ccouverrecsissnricssssnnricssssansecsssssssssssssssssssssssees
2. Heat Treatment Effects ......cccceceicrniicinrsnniecsscnniccsssnnnscsssnsseces
3. MICTOSTIUCLULE «.uuveerierirnnrecsssrnseesssssnsscssssnssesssssssssssssssssssssassssses
4. Mechanical Properties........ciceecsseicssnnicssnnccsssncssnsncssnsscsanns
5. Wear ReSiStanCe.....ccccciiiiircnnneeiicccsssssssnssseescssssssssasssssescssssssens



I11.

IVv.

MATERIAL DESIGN OF BORON NITRIDE AND TITANIUM
ALLOY SPATIAL ARRAYS ..ciiitiitiinnnnnennnicsnnisnssssessssecsssssssssssessssssssens

A.

FABRICATION OF BORON NITRIDE REINFORCED
TITANIUM COMPOSITES ......uuuirirnrinnnnnnensnnnssnessanssssessssssssssssnsnns

1. Composite Powder Synthesis ........ccceevveereccccnniccscsnnnressssnnneccssnnnes
2. Processing Parameters for SLM.........ccocceeervericssercssnrcssnnrcssnescnes
3. Heat Treatment of 3D Printed Composites and Control

4. Characterization of Composite Powder and 3D Printed
N 11 1) (OO

POWDER ANALYSIS .uuiiiiiiiiniinnnicnnicsnnennisssiesssssssssssssssssssssssssssssssens
1. TI-1.0CeO ;2 cuuuuiieeiieiiniiseiireistentnisstessesssssssessssssssssssssssessssssssens
2. Ti-0.5 BN Spatial Array .....c.ecccceeecisencsssencsssenssssncsssssssssssssssssses
3. Ti-1.0 BN Spatial Array .....c.cccceeccisencsssencssensssnscsssssssssssssssssses
4. Ti-2.5 BN Spatial Array ......cceecensecnssncsssnncsssnessssncssssscssssscnes

DENSITY AND MICROSTRUCTURE OF SLM PARTS AS
PRINTED AND HEAT TREATED .......cuiiiiuininnencsnencsnecssnnecssneeenes

1. Relative Density......cccoveeecrrercsssencssnncssnnssssanssssansssasssssssssssssssnsssses
2. IMICTOSEIUCTULE cceeeeeereeeerrrsssnseseeeccssssssnnasssssecsssssssnnassssasessssssonnansane

MECHANICAL PROPERTIES.......ooitinirnnensnnessnensannssnesssnssssessassssnssssssssssssases

A.

MATERIAL HARDNESS AND WEAR RESISTANCE
CHARACTERIZATION METHODS .....coniiiuinniensnensnnssaecssnsssnesssncnne

1. Hardness Testing......cccceeevveeecseecssnncssnncssnnecssnnecsssnesssnessssnesssncnes
2. Wear TeStiNg ..ccccvveeeecscrnnicssssnrresssssnrecsssssssssssssssssssssssessssssssssssssns
HARDNESS BEHAVIOR . ........ouitiirintiinninssnnnnicsaisssssssessssiessassssens
WEAR PERFORMANCEK.......uuuuiiriiininsnninsnessnicssessssecssesssnsssessssessanes
1. AS-PrINted...cccueeeinininenineninncsnensseensnenssnncssessssecssessssssssessssesssssssacess
2. Heat Treatment ........ceeeeveeecieecnsnecssnncsssnecsssncssssnesssssesssssesssscses

CONCLUSION cuucouiininnesnnsnessnessesssnsssessasssssssssssssssssssssassssssassssssssssssssassssssassssssss

A.
B.

SUMMARY OF RESULTS ...ccuiiiiiiiineinsnennnicsnesssnesssnssssecsssssssssssesnns
FUTURE WORK ......auurinretinneninstensnesnessesssessssssnsssessssssessaessssssssssess
1. Optimize Spatial Array Synthesis .......ccooceeveecseecsencsnensaecssnecanes
2. Optimize Energy Density .......ccocvieceissnricssssnnnccscsnnencsssssssecsssnnnes

LIST OF REFERENCES .....uuuiiiriniinientiniesnnsnisnesssssesssessssssessssssssssssssessassssssassssssas

INITIAL DISTRIBUTION LIST ..uuuceniinnirniinineennensannssnessncssssssanssssssssnsssssssassssassssassans

viil



Figure 1.
Figure 2.
Figure 3.

Figure 4.

Figure 5.
Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.

Figure 16.

Figure 17.

Figure 18.
Figure 19.

Figure 20.

LIST OF FIGURES

Titanium is used in various parts of the body. Source: [1]......cccccoeeeennnnne. 1
SLM printer diagram showing the major components Source: [12]............ 6
Diagram of particle reinforced parts. Source: [14].....ccccoceeviiniininienennncns 12
Powder Morphology of CP-Ti and TiB2 ball milled for 1 hour (top)

and 3 hours (bottom) Source: [33]....c.coviiieiieiiieieee e 14
High magnification image of Ti-64 with CeO2 reinforcement.................. 26
Ti-1.0CeO2 SEM image showing particle fusion..........cceceeeevienicnennnene. 26

High magnification SEM image of Ti-64 surface showing signs of
distortion and CeO2 agglomerates forming ..........coccceceeveerveneerieneenennnn 27

Low magnification SEM image of Ti-2.0BN (Powder A) showing

particulate losing their spherical shape..........ccccoeeieniiiiiiniiniieeee 28
SEM image of Powder A showing BNNP imbedded in (left) and
suspended from (right) the surface of a Ti-64 particle ...........cccceeeieennnenne 29
High Magnification SEM image of Powder A showing a BNNP ............. 29
Low Magnification SEM image of Ti-2.0BN (Powder B) ..........cccceuenees 30
SEM image of Powder B showing particle fusion............ccccceevveeveeneennee. 31
High Magnification SEM image of Powder B showing a BNNP.............. 31
SEM image of POWAET C .......ccooeviiiiieiiieieeieceee e 32
SEM image of Powder C showing an abundance of full BNNP ............... 33
High Magnification SEM image of Powder C showing many

platelets collecting between Ti-64 particles..........cccoeeeviienieniiienienieeee 33
Relative Density of Printed Samples Measured Using Archimedes
PrINCIPLE .. 34
Density Measured Using ImageJ .........cccoooveeeiiieniiieniieeeieeeee e 35
SLM Ti-64 sample showing uniform lamellar microstructures................. 36
SLM Ti-64 sample with indications of o’ precipitate..........ccccccveeeveenennee. 37

1X



Figure 21.

Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.
Figure 27.
Figure 28.
Figure 29.
Figure 30.

Figure 31.

Figure 32.

Figure 33.

Figure 34.

SEM image of printed Ti-2.5BN sample showing o’ and o phases........... 38
Low Magnification SEM image highlighting unmelted particles on

the surface of the Ti-2.5BN SLM sample.......c.cccccerviereininiiiniinenienecnns 39
Microhardness vs Ti-64 and BN reinforcement (% Volume).................... 43

Low Magnification SEM image of Ti-2.5BN as-printed wear track
showing pores filled with wear debris .........cccceeviieciiiiiiniiieieceeeee, 45

High Magnification SEM image of Ti-2.5BN as-printed wear track

indicating adhesive wear and intact BNNP ............ccccoooiviiiiiiiniiicie, 46
As-printed COF vS DIStance .........ccceevveveeiieeiinienienienieeieeeeneee e 47
As-printed Wear Depth vs DIStance .........ccccceeevveviieiiieniieniieeieeieecveeene 48
Heat Treated COF vs DiStance ..........ccceecueeviieiiienieeiienie e 49
Graph representing wear depths for heat treated samples .............ccc.c....... 50

Low Magnification SEM image of Ti-2.5BN heat treated wear track ......51

Medium magnification image of Ti-2.5BN heat treated part showing
wear debris, an unmelted particle and adhesive wearing..............ccccueneen. 52

High magnification SEM image of Ti-2.5BN wear track showing
INEACT BININPS L.t 53

Low Magnification SEM image of Ti-64 heat treated wear track............. 54

Medium magnification SEM image of Ti-64 heat treated wear track
showing unmelted particles and adhesive wearing...........c.cccvevveerveennnenne. 55



LIST OF TABLES

Table 1. Methodology for composite powder synthesis ...........cccceeveeriiienienieenn. 22
Table 2. Modified SLM energy density parameters ........c.occeeeeeuveeriireercieeenveesnneenns 23
Table 3. Tabulated hardness and standard deviations of each Ti-BN

(670 100 010 1] 13 10 ) s B SPPRTP 43

X1



THIS PAGE INTENTIONALLY LEFT BLANK

xii



LIST OF ACRONYMS AND ABBREVIATIONS

AM additive manufacturing

BN boron nitride

BNNP boron nitride nanoplatelet
COF coefficient of friction

CP-Ti commercially pure titanium
DMLS direct metal laser sintering
HEBM high energy ball mill

HIP hot isostatic press

HT heat treat

MMC metal matrix composite

OM optical microscope

SEM scanning electron microscope
Ti-64 titanium-aluminum-vanadium
TiB titanium boride

TiB2 titanium diboride

TiC titanium carbide

Ti-MMC titanium metal matrix composite

TiN titanium nitride

xiil



THIS PAGE INTENTIONALLY LEFT BLANK

X1V



ACKNOWLEDGMENTS

I would like to acknowledge all my professors who helped guide me to my thoughts
and equipped me with the tools necessary for this academic achievement. I would like to
thank my advisors, Dr. Nieto and Dr. Smith, who sacrificed a lot of their valuable time and

guided my research. Working with both of you has been a pleasure.

Secondly, I would like to acknowledge the staff at the MAE machine shop and Dr.
Ansell, all of whom assisted me in sample preparation and characterization. Your patience

and willingness to serve me as a student did not go unnoticed.

XV



THIS PAGE INTENTIONALLY LEFT BLANK

Xvi



I. INTRODUCTION AND BACKGROUND

A. TITANIUM AND BORON NITRIDE BIOMEDICAL APPLICATIONS

Titanium plays a critical role in biomedical engineering and is diversely used
throughout the entire human body. Statistically, over 1000 tons of titanium and titanium
alloy devices are used each year to support life [ 1]. Biomedical engineering, a field focused
on supporting the human body when it becomes compromised, is continuously evolving.
As life expectancy continues to increase, humans become more susceptible to deterioration,
resulting in losing the body’s full functionality. Biomedical applications can enhance the
human experience by providing robust, reliable, and ergonomic devices that serve as an
alternative to our natural anatomy. Metallic devices have a broad scope of uses in the
dental, cardiovascular, and orthopedic fields, to name a few. Pacemakers, angioplasty
stents, joint replacements, tooth spacers, and crowns, as shown in Figure 1, are all examples

of biomedical devices that require different mechanical properties to function correctly.

Cohlear 4
Implants | ——————* Dental
Implants
Intacts - e
"f\ prosthesis
Cardi 1 | \
T €
Implants
>} g v ™ Pacemaker

™  Lumbar Disc

Replacement
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— i
arthroplasty

4 .
o Knee Joint
"y i prosthesis

Bone .
fixation

Figure 1. Titanium is used in various parts of the body. Source: [1].
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Utilizing different fabrication methods and understanding the metals’ mechanical
limitations can help engineers determine the best suitable material and best manufacturing

mechanisms.

1. Fields of Use

In the field of dentistry, titanium is used as the primary material for dental implants.
These implants have to interact with bones and soft tissues providing a stable anchor and
structural integrity to the prosthesis [2]. Orthopedic surgeons have used titanium and its
alloys for several compact bone functions; however, commercially pure titanium (CP-Ti)
does not meet the tensile strength requirements and titanium-aluminum-vanandium (Ti-64)
has been shown to release toxic metal ions capable of damaging surround tissues [3,4]. The
common practice is to use titanium in areas like the femoral necks and stems, which require
a significant amount of strength but will not be susceptible to the same stresses as other
locations [3]. As the human life expectancy increases and the population density of the
elderly begins to rise, reliable bone alternatives will become pre-requisites to preserving

the quality of life.

2. Biocompatibility

Titanium has been used extensively in the human body because of its natural corrosion
and fatigue resistance. However, the typical titanium alloy used in the human body, Ti-64,
alone, does not possess the properties necessary to protect again wear. Compared to
commercially pure titanium, Ti-64 has less than desirable properties. Compared to bone, Ti-
64 possesses a high modulus of elasticity and lower wear resistance. Extra-cellular reactions
with the foreign material cause the metal to decompose and particulates to transport to
different body areas [5]. Tests are conducted to determine if the mechanical properties of the
metal are conducive for the environment it will be used in. Two testing methods are used in
vitro and in vivo, the former being conducted external to a living organism and the later taking
place within a living organism [1]. Upon being placed in the human body, the metal will
experience continuous reactions with the tissues surrounding the implant. In vivo tests are
conducted to gain an initial analysis of what potential issues could arise if the metal was
implanted. By creating solutions like the expected host environment, in vitro tests can reduce

2



the risk of potentially dangerous reactions. For example, scientists can create artificial saliva
in order to measure the risks involved with materials intended for dental use [6]. Similarly, in
vivo testing using animals provides an actual example of the expected reactions that will occur
without being exposed to the atmosphere which is essential to understanding the holistic

properties of the material [1].

3. Corrosion Resistance

Titanium’s anti-corrosive properties are a direct result of its surfaces being in
contact with gaseous atmospheres [4]. Surface oxide layers form and, depending upon the
thickness, act as a barrier that prevent wear and corrosion [4,6]. It has been found that by
using thermal oxidation of titanium, the oxide layers can be increased and distributed
uniformly, resulting in better protection for the material in its hostile environment [7]. For
three days exposing titanium to higher heats 700°C as opposed to 600°C, in particular,
Aniolek et al. [7] was able to produce an oxide layer, TiO2, approximately three times as
thick. In addition to the overall wear resistance, by increasing the oxidation layer, the
overall hardness of the material is also increased [7]. Additionally, by changing the heat,
you can change the material’s hardness so the metal being utilized performs to its desired
functionality. This relationship is why studying titanium metal matrices (Ti-MMCs)
reinforced with ceramic particulates is essential. Corrosion and fretting can have many
damaging effects on the human body. Eliaz et al. [6] determined that depending on the
medium, corrosion can cause electrical disturbances that affect cell behavior, alter the
chemical environment and even cause changes to our cellular metabolism. Bodily fluids
concentrations of chloride, dissolved oxygen, and different pH levels are the characteristics

that most often cause corrosion.

Boron nitride also has shown corrosion-resistant properties. Yi et al. [8] coated a
polymer surface with boron nitride nanoplatelets (BNNP) and observed its response to
oxygen-atom corrosion. This type of corrosion is more severe than atmospheric corrosion
and further reinforced the relevance of the study by exposing the BNNP to atomic oxygen
vice diatomic molecular oxygen [8]. They attributed the BNNP ability to protect the

polymer membrane to BNNP’s relatively large surface area, acting as a barrier that



prevents oxygen from entering the substrate via boron and oxygen bonding. Since the
BNNP are bonded to the surface of the polymer, the oxygen interacts with the nitride layer
but protects the polymer membrane substrate from the oxidation reduction corrosion
mechanism [8]. This process was observed due to the coating of BNNP exhibiting signs of
cracking and presenting a much rougher surface than before being exposed to the corrosive
environment. A parallel to anti-corrosive paints can be drawn where the BNNP reacts with

its environment to the benefit of the polymer its protecting.

4. Fretting

Titanium and its alloys can be very stable when placed in the human body due to
the formation of the oxide layer; however, if that layer is depleted, the metals become
susceptible to pitting and fretting [6]. Fretting, associated with load bearing parts, creates
defects at points of contact and can cause premature cracking. The friction induced by the
surfaces in contact causes increased shear stress and tensile stress, ultimately leading to
mechanical vulnerabilities. Standard medical devices that experience fretting are the ball
and joint hip replacements because they will have steady contact and experience cyclic
stresses [6]. When titanium is fabricated to remain porous, it becomes more susceptible to
pitting and crevice corrosion. The decrease in density directly impacts the oxidation-
reduction reactions of metals, which causes pH levels to become very acidic [6]. Some of
the titanium alloys, including Ti-64, have been shown to release metal ions that
contaminate the human body [2—4,6]. When the natural oxide layer that Ti-64 creates
depletes, vanadium can diffuse into the surrounding tissues and creates sites for corrosion
to form. Galvanic coupling, a process in which two metals interact, changing one into a
cathode and the other into an anode, is widespread when pure titanium and its alloys are
connected due to bodily fluids acting as the electrolyte [6]. The couple concomitant with
CP-Ti and other Ti alloys have been observed to cause corrosion in up to 35% of cases
studied [5]. The galvanic couples and regional wear accelerate the corrosion process.
Studying how ceramics increase wears resistance will prove beneficial to also reducing
corrosion. Testing to ensure adequate protection against these degradations is vital to the

overall understanding of prosthesis longevity.



B. ADDITIVE MANUFACTURING
1. History

Traditional manufacturing methods are known as subtractive manufacturing. By
using machines like computer numerical control (CNC), a bulky piece of metal is cut to
fabricate the desired shape, leaving behind shards of scrap metals. In the 1980s, a state-of-
the-art concept called stereolithography emerged where 3D products could be produced
based on depositing thin layers of materials. Stereolithography catalyzed change, allowing
3D structures to be created using 2D parameters. In its infancy, stereolithography was only
used to produce parts using ultra-violet light sensitive polymers fabricated using lasers;
however, as the technology gained traction, a diverse spectrum of uses began to emerge
[9]. By 1992, companies began experimenting with metal AM, introducing a method
known as laser sintering, and by the mid-2000s stainless steel, aluminum, cobalt-chrome,

and titanium were all relevant within the AM industry.

2. Direct AM

Additive manufacturing comes in many different forms: direct energy deposition,
sheet lamination, binder jetting, and most importantly, powder bed fusion, which will be the
method examined extensively throughout this study. The powder bed fusion process entails
constructing a part by fusing molten metal powder a single layer at a time, known as selective
laser melting (SLM) [10]. Figure 2 represents an infographic that is listing the various
components that are relative to the building process. Before melting the powder, various
parameters like layer thickness, scanning speed, and the power the laser emits to melt the
powders can be manipulated to influence the print’s desired outcome [11]. The manufacturing
process occurs in an environment that is very controlled. The amount of gas inside the printer
(argon in this case), the build plate’s temperature, and the overall print environment’s
temperature remains constant to reduce oxidation and any additional thermal stressing. By
having exceptional control over the parameters in which a part is being produced, processing
constraints can be reduced, and customized products can be manufactured to the exact
functional specifications the client desires—enabling a paradigm shift from manufacturing

almost exclusively in large factories to more bespoke ways of sourcing.

5



Laser module —, 5

Pov!rd'er oy
canister

Figure 2. SLM printer diagram showing the major components Source: [12].

C. BENEFITS
1. Precise Designs

Creating parts is streamlined because of this novel manufacturing process. Rapid
prototyping of parts with complex geometries are manufactured efficiently, rapidly, and at
potentially lower labor costs due to their “set it and forget it” capability. The high level of
resolution of each part is made possible by printing parts using computer-aided designs
(CAD) [12]. These software files are then printed from a medium of choice to precise
tolerances while maintaining their mechanical properties. It is unequivocally proving its
potential to be utilized as a method of mass-producing parts or producing spare parts that
typically require long lead times. The diversity of industries that this process can impact
extends beyond rapid prototyping companies. AM is now established as relevant in the

private, government, commercial, and academic sectors because of its future potential.

2. Waste Reduction

Manufacturing titanium alloys using subtractive manufacturing is a costly,

inefficient process, especially when fabricating complex designs [13]. During AM, raw
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materials are contained within a closed-loop system allowing the discarded powder to be
collected and filtered, decreasing the amount of waste, and causing a cost reduction.
Recycling these powders, too, serves to decrease the energy expended for production. By
contrast, subtracting manufacturing results in an abundance of scrap metal that will likely
require a tremendous amount of energy to recycle the waste material and return it to a
usable product. Due to the nature of parts being generated from computer files, the potential
to make modifications in real-time is possible, and manufacturing parts with different
processing parameters with a push of a button eliminating the need to acquire new
hardware like casts and dyes. Post-processing can also be reduced or eliminated in its
entirety. The lack of post-processing needed upon completion of a build is also essential to

decrease the amount of time required from build to consumer [10].

3. Military Use

The potential to introduce additively manufactured parts would provide an
opportunity to circumvent the traditional supply chain delays and provide on-site
production to optimize military readiness. This capability does not come without its
challenges. In 2012, the U.S. government expressed specific interest in advancing additive
manufacturing and other innovative manufacturing methods. Government funds were
disseminated with the idea of using academic and other government entities to pursue
research and development. Military standards, especially in the sea-going communities,
demand very high standards in terms of mechanical properties. The nature of their
corrosive operational environment parallels can be drawn between these parts and
biomedical devices. Equipped with a 3D scanner, parts can be rendered and printed on-site
to meet the demands for temporary and permanent fixes depending upon the piece of
equipment. Depressurizing the logistical channels and getting service members the tools

necessary to not only operate but thrive.

4. Commercial Use

The commercial sector has extensive uses for additive manufacturing. Metal matrix
composites, used for their inherent inertness, can be created for the automotive and
aerospace industries [14]. The original use of 3D printers was to perform rapid prototyping.
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Perhaps on a smaller scale, companies could produce preliminary designs before
committing to the final product. Prototypes and replacement parts that typically would
expend an exuberant amount of money and energy could now be produced additively, with
high precision. Precision designs are vital and many industries, especially biomedical and

aerospace communities, where the margin of tolerable error is minute.

D. CHALLENGES
1. Scalability

Despite the many advantages of AM regarding extensive customization benefits
available when prototyping on a small scale, fabricating parts on a large scale will likely
prove challenging. The layer-by-layer approach of manufacturing induces more margin for
defects and errors to be introduced into the system. This anisotropic behavior causes
distortions in mechanical properties associated with the size, shape, and complexity of the
structure and the volume of products being produced [13]. These same variables also affect
the speed at which parts can be produced. Powder availability will also be a crux. The
feedstocks available are dwarfed by the amount of MMC already being used via traditional
methods. Later, this paper will discuss powder metallurgy to overcome this costly and time-

consuming obstacle.

2. Post-processing

Post-processing can be a time-consuming venture and be accompanied by high
costs. Upon the completion of an AM part, the part is not necessarily ready for use. Despite
producing parts that do not require assembly, the parts still need to undergo some sort of
milling to remove the support structures required to maintain stability [13]. Once removed,
post-processing often is necessary to remove the manufacturing defects. Typically,
titanium parts have a smooth finish; however, depending upon the AM used the parts could
be very porous or have poor surface finishes [13]. Depending upon the intended field of
use, different post-processing procedures can alter the parts’ mechanical properties. Hot
isostatic pressing (HIP) uses pressure and heat as a mechanism to sinter the part eliminating

manufacturing defects like unintended pores and promoting densification [2,3].



3. Osseointegration Challenges

Biocompatibility will prove to be a major driving factor for the sustainability of
AM parts for biomedical applications. When developing new metals, mechanical
properties must be maintained without adverse effects from being implanted inside organic
material. Titanium is used widely throughout the medical field, but it takes a very long time
to integrate into the human body. For this reason they sometimes have to use coatings to
speed up this process, which is not ideal because that requires more time after
manufacturing the part [6]. Stress shielding, a biomechanical defect resulting from
significant moduli differences occurs when titanium by itself is used on load bearing
implants [10,15]. When coupled with low moduli bones, the stress shielding phenomenon
could occur unless preventative measures are put in place to control the moduli disparity.
If mechanical properties are not optimized, additional surgeries may be necessary to correct
the deficiency induced by inadequately fabricated parts, causing unnecessary risks to the

patient.

Surface roughness will likely play a major role in the biocompatibility and
proliferation of cell growth. Ponsonnet et al. [16] determined surface roughness effects
how cells to proliferate when in contact with biomaterial surfaces. Titanium, depending on
the method of fabrications can vary in its surface roughness. Although this thesis will not
conduct any analysis of the biocompatibility of the manufactured Ti-MMC:s, future studies
could be performed to bolster the legitimacy of using SLM to produce boron nitride

reinforced composites for biomedical applications.

E. POWDER PROPERTIES

In the 1980s powder metallurgy (PM) was developed to keep fabrication costs to a
minimum, as well as to provide a means of fabricating parts using metal matrix composites
(MMCs). The PM process takes bulk powders and reinforces them with other powders to
change the physical properties. Particular attention is paid to the number of reinforcing
particles that will be the driving force for modifying and tailoring mechanical properties.
Then, the powders are compacted into molds, sometimes requiring binders to retain its

intended shape. The molds are then referred to as “green bodies” and are held together by
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the compaction alone [17,18]. The molds are then sintered at a set temperature. This
process requires a delicate balance to be maintained between temperature and duration of
sintering. These parameters turn the fine powders into molten metal, and any powder that

remains unsintered could result in cracking or other mechanical discrepancies [10].

Powder reinforcement has been studied for decades. Depending upon the
reinforcing agent, this mechanism can provide favorable physical advantages. Typically,
discontinuous metal matrices (DMMCs) reinforced with ceramics benefit from the
ceramics’ inherent thermal, wear, and hardness properties [19]. The ceramic that is
providing the particulate reinforcement enhances the mechanical properties isotropically.
Assuming the particulates are homogeneously distributed, the ceramic mechanical
properties should remain consistent throughout the structure. However, the potential of
particulates being inhomogeneously distributed, or lacking a consistent spatial orientation,
could interfere with guaranteed structural integrity [19]. Objectively, using MMCs will
promote direct strengthening caused by the ceramic bearing much of the load. When using
metal matrix composites, the mechanical property disparities, like elastic modulus
differences, between the metal and ceramic particulates causes stresses based upon how
the composite is distributed. The ceramics added to the metal matrix possess properties that
restrict expansion, unlike its metallic counterpart known as coefficient of thermal
expansion. Knowing this value reveals how a composites mechanical properties will be
changed as a result of thermal expansion and whether the MMC display any
incompatibilities [20,21].

F. THESIS OBJECTIVES

AM is still in its infancy; the objective of this thesis is to synthesize Ti-MMC with
BNNP as the reinforcing agent and evaluate how composition effects microstructure,
hardness, and wear resistance. Powder synthesis methods and the formation of spatial
arrays, will be studied to further understand the effect large volumes of BNNP will have
on AM compatibility. The relationship between reinforcement rich and deficient regions
will be evaluated to ascertain how spatial arrays effect toughening and what mechanisms

contribute to variations in hardness and wear resistance.
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II. ADDITIVE MANUFACTURING OF TITANIUM METAL
MATRIX COMPOSITES OVERVIEW AND STATE-OF-THE-ART

A. MATERIAL PROPERTIES
1. Cerium Oxide

Since the early 1970s, nanoceria and their properties have been studied as a means
to replace already existing technologies such as catalytic converters in the automotive
industry and as a means to absorb ultraviolet rays [22]. The crystal structure associated
with cerium oxide is composed of oxygen ions surrounded by cerium ions referred to as a
cubic fluorite crystal structure [23]. Each of the oxygen ions is used to occupy all the
tetrahedrons vacancies, which contribute to its biocompatibility, while the cerium ions
occupy the vertices and faces [23,24]. The oxygen ions within nanoceria play an essential
role in creating anti-inflammation by using the surface volume ratio as a means of creating
free radicals that inhibit oxygen reactivity [22]. Essentially, the oxygen ion oriented at the
surface of the nanoceria control the way electrons interact with cells and prevent structural
damage [22]. These “free radicals” allow for additional bonding, resulting in neutralizing
potentially damaging charged particles that cause inflammation. This reaction occurs when
exposed to oxygen as standalone element cerium is not readily soluble in water, reducing
the risks of toxicity but does not allow for its desired biological properties to be catalyzed
[24]. Past studies have shown that cerium oxide has anti-microbial, anti-inflammation, and
many different toxicity applications within the biomedical field. How the nanoceria is made
also determines the surface properties. For nanoceria, calcination to remove impurities can

change the specific area and presence of active sites [25].

2. Boron Nitride

Boron nitride (BN) has been used as a reinforcement because of its chemical
inertness at high temperatures and mechanical properties. These properties come as a
function of the way the nitride is bonded. Kostoglou et al. [26] notes that in its most stable
form, hexagonal or h-BN is covalently bonded and structurally analogous to graphite [26].

They also mention surface area plays an important role in the functionality of BNNP as a
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reinforcing particle [26]. Using its large surface area, BNNP can form a barrier layer which
acts as an oxidation inhibitor [8]. Additionally, surface area will effects its thermal stability
and change the temperature ranges it can perform as a barrier [26]. As mentioned BNNP
are an analog of graphene nanoplatelets. As such, it is to be expected that some of the
mechanical and material characteristics would coincide with its two-dimensionality;
mainly, lubrication, thermal conductivity and enhancements in toughness would be

expected [27].

B. POWDER
1. Powder Fiber Reinforcements

How MMCs are reinforced is fundamental to enhancing its properties. The
mechanical differences between the metal and ceramic particulates can cause stresses
atypical to an alloyed material. Inherently, ceramics tend to restrict expansion unlike its
metallic counterpart. However, since Ti-64 already possess superior tribological and
hardness properties, introducing a new ceramic may further improve upon those properties
[28]. One way to reinforce a matrix is by discontinuously reinforcing the composite with

particulates as show in Figure 3.

Particles Reinforced

Figure 3. Diagram of particle reinforced parts. Source: [14]
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Previously, DMMC were mentioned as a means of creating an isotopic mechanical
advantage. DRTCs in particular, have been reinforced with borides [29], nitrides [28] and
carbides [30] but some of these Ti-MMC:s utilized a different reinforcing powder to form
a desired in situ reaction [30,31]. A variety of particulates have been used to reinforce
composites, all with different mechanical proprieties in mind. DRTCs have been studied
on numerous occasions using different AM methods demonstrating tribological properties
that exceed that of normal titanium alloys. Gu et al. [30], reinforced Ti-64 with SiC with
the expectation of forming an in-situ TiC phase and studying its mechanical advantage.
They were able to confirm hardness increases by more than 300% and a stark reduction in

COF values from its control sample, Ti-64.

2. Powder Morphology

High energy ball milling (HEBM) is a method used to alloy particles together. Both
powders are contained within the same canister, in which, balls are added as the mechanism
for alloying the powders. The high energy collisions that occur disperse the powders and
create homogenous distributions simultaneously [32]. As a result of the high energy of each

collision, phase and morphology changes can be an unfortunate biproduct as shown in

Figure 4 [32].
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Figure 4. Powder Morphology of CP-Ti and TiB:2 ball milled for 1 hour
(top) and 3 hours (bottom) Source: [33]

As stated previously, SLM works best when the feed stock powder is spherical.
Powder morphology, the physical characteristics of the powder i.e., shape and size,
contribute to density and how well the powders will perform via SLM [34]. Studies have
been conducted, indicating that shape changes are inevitable but can be managed and
become trivial if optimized [10,32,33]. Attar et al. [33], noticed that when creating a Ti-
TiB2 MMC 2 hours of milling was most appropriate for mixing to enable a uniform
distribution of reinforcing particles. A reduction or increase in time spent milling either
deformed the shape of the CP-Ti or left uncoalesced particulates. Using the exact same Ti-

MMC, Zhang et al. [10], also concluded that 2 hrs. of milling resulted in the most optimal
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properties. Other researchers have been able to develop homogenously alloyed Ti-MMC
as well using milling [32,35,36].

3. Flowability

Despite the appeal, an additively manufactured part is only as good as its single
layer. Producing a part layer by layer incorporates complexities not seen in traditional
manufacturing. Physical phenomenon present throughout the process carries elements of
laser attenuation, heat transfer, phase transformation, the flowability of both the powder
and the melted derivative, and various other reactions causing stressing. Residual stresses
are a common challenge when using additive manufacturing. Preheating the powder prior
to printing is beneficial by decreasing the thermal stresses associated with the laser
interacting with a significantly colder powder. Preheating the powder also allows for the
powders to flow better, resulting in a more uniform powder layer for the laser to engage,
this paper will delve further into flowability as it relates to spreadability later. The objective
is to produce a part that is dense and free of irregularities like voids and pockets of unmelted
powders. Often, pores result as the powder is unevenly distributed or melted, creating
defects that can lead to crack propagation [10,13]. In addition, selective laser melting can
cause balling to occur, leading to the obstruction of the recoater blade’s path. Obstructing
the recoater’s path causes uneven powder deposition and deformation in the structural
shape [11]. By association, homogeneity is compromised, should these challenges not be
overcome leading to inconsistencies between parts that could result in distorting the

material properties expected.

C. FABRICATION
1. Energy Densities

Energy density plays an important role in the fabrication of each part. When a MMC
is used with the Ti-64 standard configuration, the energy density used for the print does
not consider the reinforcing particulates. Thus, causing disturbances in the build process if
the powder goes unmelted or melts disproportionately. To compensate, processing

parameters can be changed to reduce the likelihood of such effects. Equation 1 describe in
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Zhang et al. [10] shows energy density as a function of hatch laser power [P], hatch spacing

[s], scanning speed [v] and thickness [t] in relation to the distance to the build plate.

P

E= (1)

V*t*S

Yadroitsev et al. [11] studied the effects of energy density on single tracks using a
variety of feedstocks and laser parameters. The purpose of their study was to determine the
ideal energy density to fully penetrate the substrate while maintaining consistent geometric
melting geometries throughout the build. Regardless of the feedstock, how the powders
melted corresponded to the laser inputs. With regards to scanning speed, it was observed
that too high scanning speeds caused balling, whereas slower speeds led to inconsistent
tracks, attributed to the thermal conductivity of the metal. Other studies [10,28] focused on
studying energy densities to understand how they could change the mechanical properties
of composite. By changing the energy density, a different thermal history is generated
leading to the formation of different microstructures. For instance, Zhang et al. [10]
observed that by increasing temperature gradients, as a result of increasing scan speeds the
change in cooling effect leads to o’ forming instead of the typical a phase for CP-Ti.
Likewise, Kundu et al. [28], reinforced titanium with TiN by DMLS, using various scan
speeds and laser power to study hardness and wear resistance. For all hardness and wear
tests conducted, the specimen associated with the highest energy density, consistently

showed improved wear resistance and hardness properties.

2. Heat Treatment Effects

As mentioned, one of the benefits of AM is its efficiency. Fabricating parts without
the requisite of post-processing. However, when coupled with post-processing methods,
like heat treatments as-printed parts could see added benefits. Fousova et al. [37] printed
Ti-64 parts and annealed them post print. Their method used different atmospheres
(vacuum, argon, and air), a temperature of 820°C for 90 minutes, a heating rate of 200°C
per hour, and the parts were cooled in the furnace until 500°C, followed by air-cooling until
room temperature. When using Ar" as the process gas they observed a maximum in

hardness increase, but they concluded this was a result of oxygen entering the intestinal
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voids of the substrate and a small oxide layer being formed [37]. Roudnicka et al. [38]
focused on different types of heat treatments and the mechanical property changes
associated with each. The microstructures and porosities of parts post-processed using hot
isostatic pressing (HIP) and standard heating in argon were compared to determine how
each part is influenced by temperature and pressure variants. They found that when HIP
was used, less pores remained however, the material was not as hard as the standard heated
parts. Many researchers have all discovered that heating caused microstructure changes

and a reduction in porosity [37-39].

3. Microstructure

Many factors contribute to the microstructure developed in an AM part. Powder
type, energy density and post-processing procedures will affect the microstructure because
chemical composition of the powder and its lattice structure determine crystallographic
details like spatial orientation and how grain boundaries will form when the metal is
melted. Titanium, in its o phase is an HCP structure, as a result this phase provides strength
but brittleness because HCP does not have many slip systems to allow for dislocations
[36,40]. These slip systems act as a medium on which the grains can alter position because
of an external force. The more slip directions a material possesses the more the material
can move on a microscale and in turn the greater ductility. Conversely, titanium also exists

in body centered cubic when it is in its 8 phase.

Ti-64 is an ot+B alloy, suggesting that when melted, the molten metals
recrystallization process should yield a combination of grains representative of both
phases. When SLM is performed a martensitic o’ phase is formed and the a phase may be
non-existent [41,42]. To recover different phases post-processing heat treatments can be
used. For example, Vrancken et al. [42] conducted a study to identify the influence
temperature has on the formation of microstructures. With the understanding that the B
transformation temperature is at 995°C for Ti-64, they performed heat treatments above
and below this threshold to assess the changes in microstructure. As expected, heat above
the B transition temperatures allowed more o phase to be produced as a result of rapid grain

growth [41]. In a later study they conducted in 2015, they also determined that when they
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used a Ti-MMC they were able to change the B transition temperature allowing for phase

changes at a lower temperature [42].

4. Mechanical Properties

The mechanical properties of Ti-64 composites differ in relation to the processing
parameters. This is a result of the different microstructures that form when the laser power
is being manipulated as well as the melt pool geometry [43]. Zhang et al. [10] conducted a
2015 study that found, in some cases, mechanical properties could be superior to those of
traditionally manufactured parts. Specifically, hardness when manufactured using SLM
increased by almost 20% over the same part that was manufactured by casting [10]. Which
could be advantageous because the hardness of bone is very low compared to metals having
a Vickers hardness (HV) of 26.3 [5]. Other studies have also found similar results, showing
that wearability is also improved by using Ti-64, which by itself promotes a decrease in
wearability [28]. When coupled with various ceramics as reinforcements these properties

could increase even more.

5. Wear Resistance

High wear resistance is a requisite for metals entering an organic environment.
Although titanium possesses great corrosion resistance, as a result of the formation of the
oxide layer, its wear resistance is subpar to its alloys [6]. Ti-MMC has exhibited a
significant wear resistance because they are reinforced with ceramics that are inherently
harder than titanium alone. AM of Ti-MMCs could play an important role in finding

alternative solutions to manufacture parts at lower costs.

Cai et al. [36] conducted a study using Ti-MMC reinforced with borides intending
on identifying the mechanical and microstructure transformation associated with the in-
situ and ex-situ formation of composites. Using TiB2 as the nano reinforcement they
observed the tribological and hardness changes as TiB formed in-situ, attributed to:

1. In-situ phases thermodynamic stability

2. Clean interfacial bonding
3. The uniformly distributed finely grained reinforcement particles [36]
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Ultimately they concluded that the wearability was a direct correlation to the
improved hardness [28,36]. Kundu et al. [28], found very similar results when nitrides were
used to reinforce Ti-64 they found a coefficient of friction reduction as more reinforcement
volume was used, decreasing 0.65 for Ti-64 down to as low as 0.33 when 15 volume
percent of TiN was used [28]. Furthermore, TiN a reinforcement also increased wear
resistance and microhardness tests showed improvements [28]. Also important to note is
that as power was increased, the densification of each specimen, regardless of the volume
of ceramic added as a reinforcing agent also showed an increase [28]. Attar et al. [33] used
a mix of commercially pure titanium and TiB2 (titanium diboride) showing a consensus

that microhardness and wear resistance are improved, regardless of the reinforcing ceramic

[33].
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III. MATERIAL DESIGN OF BORON NITRIDE AND TITANIUM
ALLOY SPATIAL ARRAYS

A. FABRICATION OF BORON NITRIDE REINFORCED TITANIUM
COMPOSITES

The Ti-64 powder used to fabricate all parts was explicitly made for the
manufacturer’s EOS 100M SLM machine. The chemical composition meets ASTM F2924
standards, and the particle size is reported as ~39-microns. However, the manufacturer
recommends sieving the powder through a 63-micron filter to remove any larger
agglomerates that may have formed post packaging. Additionally, the manufacturer reports
the particle layer thickness of the Ti-64 powder to be ~20 microns with a density of 4.4

g/em’,

The BNNP was procured via Sky Spring Nanomaterials Inc., located in Houston,
TX, USA. The nano powders have a hexagonal crystal structure, are ~100 nm in diameter,

and possess a density of 2.1 g/cm’.

1. Composite Powder Synthesis

The Ti-BNNP composite powders were created using HEBM. As mentioned in
Chapter II Section B Part 3, HEBM is a standard method used to make MMCs. Parameters
were chosen with the intent to maintain the spherical integrity of the Ti-64 bulk powder,
promote a homogenous distribution of the reinforcing BNNP, and ensure the majority of
the BNNP coalesced to the surface of the Ti-64 particles. To do so, different volume ratios
of titanium composites were created by adding 2% and 5% by volume of the BNNP to the
Ti-64 bulk powder. These powder mixtures and steel balls were then added to the steel
canisters at different ball ratios corresponding to weight. The ratios used were 2:1, 1:1, and
1:2, where the numbers represent the ball and powder weights, respectively. The canisters
were then placed in the SPEX Sample Prep Mixer/Mill 8000D, capable of mechanical
alloying and nano-milling simultaneously. The balls were milled for 80 minutes using a
four-minute mixing and a five-minute stagnation period between sessions. This interval

was used to allow the heat to dissipate and mitigate the possibility of carbides like TiC
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forming from the steel balls interacting with the Ti-MMC composite powder. Upon
completion, the coalesced powder was removed and sieved through a 45-micron filter

before forming the spatial arrays.

After milling was complete, spatial arrays were formed using the newly developed
Ti-MMC and Ti-64. Jiang et al. [44] developed a method to engineer spatial arrays that
promote toughening by distributing stress concentration areas and having areas that vary
in hardness [44,45]. Distributing a composite throughout a bulk powder randomly results
in regions that contain different mechanical properties. The desired outcome was to
produce composite rich regions and composite deficient regions uniformly dispersed
throughout the matrix. Toughening is influenced by particle size, morphology, and the
MMC concentration distributed throughout the bulk powder [44,45]. Three different
powder compositions were created, shown in Table 1 powders B and C were formed via a
50/50 mixture of Ti-64 and Ti-MMC, whereas powder A was reduced twice, once to form
1% and again to form the Ti-0.5BN composite, desired. After each mixture, the powders
were sieved for 10 minutes through 63-micron filters to allow a homogenous distribution

of spatial arrays to form.

Table 1. Methodology for composite powder synthesis

Spatial Array Starting Ti-MMC  Ball-to-Powder Mix Interval

Ratio (on:off) [min]
A Ti-0.5BN Ti-2.0BN 2:1 4:5
B Ti-1.0BN Ti-2.0BN 1:1 4:5
C Ti-2.5BN Ti-5.0BN 1:2 4:5

2. Processing Parameters for SLM

The additive manufacturing machine used for this thesis was the EOS M 100. This

machine is compatible with three metal powders, cobalt-chrome, stainless steel 316L, and
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Ti-64, each with specific software to optimize the print. The technical specifications are

listed below by EOS:

o Building volume: 100 x 95 mm (3.9 x 3.7 in) (height incl. build plate)

J Laser type: Yb fibre; Laser 200 W

o Precision optics: F-theta lens; high-speed scanner

o Scanning speed: up to 7.0 m/s (23 ft./sec)

o Focus diameter: 40 pym

J Power supply: 200 - 240 V

o Power consumption max. 1.7 kW / average 0.60 kW

The manufacturers’ setting to print Ti-64 results in an energy density of 60 J/mm?®.

The settings were optimized for Ti-64 without any reinforcing particulates considered. As

a result, to print the Ti-MMC, energy parameters were changed to achieve a dense, high-

resolution part. All parts were created using an energy density of 25 J/mm?. To obtain this

energy density, the outer skin settings on the machine were also changed to the parameters

listed in Table 2, to yield an energy density of 25 J/mm?®. These values were verified using

Equation 1 from Chapter II Section C Part 1.

Table 2.  Modified SLM energy density parameters

Distance Speed Power Thickness Energy

[mm] [mm/s] [W] [m] Density

[/mm?]
Stripes 0.06 1400 42 0.02 25
Upskin 0.06 1400 42 0.02 25
Downskin 0.06 1120 33.6 0.02 25
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The parts created were 10 mm and 20 mm squares, each of which was 3 mm in
thickness a possessed 2 mm filleted corners. The orientation on the build plate was
designed to eliminate the amount of contact each part had with the recoater blade.
Insomuch, each part was oriented with a 15-degree offset from the blade, causing limited

blade contact, if at all.

3. Heat Treatment of 3D Printed Composites and Control Sample

Half of the parts created were heat-treated to study how it affected the porosity.
Heat treatment took place in a tube furnace with a constant argon flow at a tube pressure
of ~0.4 MPa. After placing the parts in the furnace, the tube was vacuumed -0.04 MPa to
remove the air. Inert argon gas was then purged to a pressure of 0.4 MPa, displacing any
residual air. The pre-setup process was conducted five times before the vacuum was turned
off, and the argon began to free flow at a pressure of ~0.4 MPa. This process was used to
eliminate the potential of an oxide layer forming on the surface, causing the parts to
corrode. The goal of this process was to reduce the porosity of the parts and eliminate any
residual stresses. To do so, the furnace was heated from room temperature to 1000°C in 90
minutes, held at 1000°C for 90 minutes, and then allowed to cool in the furnace until room

temperature.

4. Characterization of Composite Powder and 3D Printed Samples

Density measurements were carried out using an analytical balance configured for
Archimedes principles measurements. Weights were taken of the 20 mm parts in the air
and then submerged measurements were taken while the parts were placed in a basket
suspended in water. After which, the air density and water density, based upon the
temperature of each medium, were used to determine how dense each part was after

fabrication.

After fabrication, the 10 mm samples were mounted in epoxy resin and then
manually polished. Each sample was ground using 250, 600, 1200 grit paper and then
polished using a 1-micron diamond suspended solution using time increments of at
minimum 5, 10, 15, and 30 minutes, respectively. As the grinding and polishing progressed,

the parts were rotated 90 degrees to verify uniform polishing and elimination of the
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previous surface scratches. Half of the surface area of the parts were then etched for
microstructure analysis using a scanning electron microscope. Using a modified Kroll’s
solution consisting of 10 ml HF, 4 ml HNOs3, and 85 ml H20, explicitly designed for
etching titanium, each part was etched using intervals of 15 seconds to avoid damaging the
parts. Verification of satisfactory surface conditions was carried out using an optical

microscope to verify that the polishing and etched surfaces were effective.

Scanning electron microscope (SEM) imaging was used for both powder, and 3D
printed part characterization. Using carbon epoxy paper, each of the powder samples was
mounted, and a full spectrum of magnifications were used to characterize the mixed
composite powders. Similarly, the cross-sectioned 10 mm etched parts were mounted using
copper and carbon epoxy for electron conduction. After which, the SEM was used to
identify the microstructures and wear mechanisms present in the SLM parts using various

magnifications.

B. POWDER ANALYSIS
1. Ti-1.0CeO:

When CeO2 was mixed with Ti-64, the titanium maintained its spherical shape
while the CeO2 adhered to the Ti-64 spheres, as shown in Figures 5—7. Adequate dispersion
was present while it appears very few CeOz2 particles were free-standing, based upon the
appearance of the carbon tape below. However, agglomerates of undispersed CeO:2
particles caused undesirable fusion between particulates shown in Figure 6. Although the

intended powder characteristics were met, this powder was not analyzed any further.
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Figure 5. High magnification image of Ti-64 with CeOz reinforcement
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Figure 6. Ti-1.0CeO2 SEM image showing particle fusion
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Figure 7. High magnification SEM image of Ti-64 surface showing signs of
distortion and CeO2 agglomerates forming

2. Ti-0.5 BN Spatial Array

The starting matrix shown below in Figures 8—10 corresponds to powder A from
Table 1, which was used to create the Ti-0.5BN spatial array. This powder exhibited a
reduction in spherical geometry compared to the Ti-CeO2; however, it showed a significant
reduction in the number of fused particles in the matrix. This can be attributed to the HEBM
configuration changes resulting in plastic deformation caused by an increase in ball ratio
and mixing intervals. Despite the loss of the shape, the BNNP adhered to the surface well,
as shown in Figures 8-10, showing clean carbon paper indicative of a small amount of
freely suspended BN particulates. Multiple BNNP are shown to have kept their platelet
structure while cohered to the surface of the Ti-64. Figures 9 and 10 show a BNNP that
appears to be embedded in the surface of a Ti-64 particle, covered by other BNNP residue,
and another BNNP gently adhered to the surface.
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Figure 8. Low magnification SEM image of Ti-2.0BN (Powder A) showing
particulate losing their spherical shape
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Figure 9. SEM image of Powder A showing BNNP imbedded in (left) and
suspended from (right) the surface of a Ti-64 particle
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Figure 10. High Magnification SEM image of Powder A showing a BNNP
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3. Ti-1.0 BN Spatial Array

The composite powder used to create Ti-1.0BN, powder B from Table 1, spatial
array maintained its spherical shape at the dispense of causing more agglomerates. Using
a lower ball ratio for mixing resulted in less plastic deformation of the Ti-64 particles but
allowed particle fusion. As a result, the composite powered was re-sieved through the 63-
micron filter to remove the large agglomerates before forming the spatial arrays. Despite
the increased agglomeration, this powder showed adequate dispersion and platelets that
maintained their shape through the HEBM process. The characteristics of these powders
are more beneficial for the SLM process since they promote a more effortless flowability
and more densely packed layers. Figures 11-13 show powder B at various magnifications

with emphasis on the identification of platelets.
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Figure 11. Low Magnification SEM image of Ti-2.0BN (Powder B)
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Figure 12. SEM image of Powder B showing particle fusion
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Figure 13. High Magnification SEM image of Powder B showing a BNNP

Date :16 Dec 2020
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4. Ti-2.5 BN Spatial Array

The Ti-2.5BN composite spatial array was formed using a more significant BNNP
volume percent composition than all the other samples. Figures 14—16 highlight the
increase in platelets able to be maintained through the ball milling process. Using 5-volume
percent instead of a 2-volume percent, the composite powder yielded from powder C in
Table 1 showed the same spherical structure, but the carbon paper is covered by BNNP
particulates that did not attach to the Ti-64 surface. Since the volume percentage doubled
for powder C, the amount of freely suspended particulates was expected. Considering the
increase in the number of platelets maintained, this powder was expected to exhibit the

most drastic changes when manufactured using SLM.

10 pm FIB Lock Mags = Yes Bs)]
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Mag= 1.07KX WD = 4.8mm Date :22 Jan 2021

Figure 14. SEM image of Powder C
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Figure 15. SEM image of Powder C showing an abundance of full BNNP
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Figure 16. High Magnification SEM image of Powder C showing many
platelets collecting between Ti-64 particles
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C. DENSITY AND MICROSTRUCTURE OF SLM PARTS AS PRINTED
AND HEAT TREATED

1. Relative Density

The fabricated samples’ relative densities were compared based upon the volume
percentage of reinforcement. Heat treatment increased the densification of all parts except
for the Ti-2.5BN composite, but the Ti-64 sample benefited the most from the post-
processing. This can be attributed to a reduced amount of diffusion as the amount of BNNP
increased. Since the as-printed Ti-2.5BN part had close to 98% relative density, the BNNP
were likely unable to diffuse despite the high temperature, leaving behind large pores.
Figure 17 shows that the Ti-2.5BN composite is very porous, contradicting the results of

the Archimedes density measurement.

100
98 *
96
54
a2
a1
BE L
BE
84 . HEAT TR EATED

el 5 - Priicuked

Relative Density (%)

-

EO
Ti-64 0.5 vol 3% 1 wols 2.5 wol %
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Figure 17. Relative Density of Printed Samples Measured Using Archimedes
Principle

To verify the densities calculated using Archimedes principle were factual, the OM
and IMAGEJ was used to confirm the results. Using a binary, 8-bit, gray scaled image,
IMAGE]J was able to discern between the porous and metallic areas on the surface of the

polished samples. Assuming the pores are uniformly distributed throughout the sample, an
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accurate calculation of the density can be performed. As can be seen in Figure 18, the
Archimedes principle method was very erroneous when used with a porous sample and
provides conflicting results. It is apparent that the heat treatment method was only
successful when using very low volume percentages of BNNP. The heat-treatment method

used was designed for Ti-64 evident based upon Ti-64 increasing in density to 93% dense.
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Figure 18. Density Measured Using ImageJ
2. Microstructure

Microstructure identification took place in the SEM. The changes were evaluated
by comparing the as-printed Ti-64 sample’s microstructure to the as-printed Ti-2.5BN
sample. The modified Kroll’s etchant revealed the a + 8 phases typical of Ti-64. Figure 19
shows a large amount of 8 phase indicated by dark gray, lighter needle-like structures
coinciding with the a phase, and the faint, white, uniformly dispersed particles most likely
represent o'. The larger agglomerates can be disregarded, as they are suspended on the
surface because of the mounting process. Noticeably, the dark B phase dominates the SLM
part, with o phase uniformly distributed throughout with various lamellar thicknesses.
Regarding the o’ phase, Figure 20 shows a region which appears to have o’ imbedded in

the surface.
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Figure 19. SLM Ti-64 sample showing uniform lamellar microstructures
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Figure 20. SLM Ti-64 sample with indications of o’ precipitate

As the composition of BNNP increased, the microstructure stayed relatively
consistent. Figure 21 shows the microstructure formation of Ti-2.5BN, which appears to
have precipitated a larger quantity of o’ that was uniformly dispersed throughout the
sample. Contrarily, a noticeable reduction in the amount of needle-like a lamellas is
evident. He et al. [39] also experienced the same transformation when SLM was used to
contribute to the rapid heating causing o’ to form and the quick cooling which does not
allow for the a phase to proliferate. Just as in the Ti-64 sample, the B phase dominates the
sample but the increase in o’ is beneficial to increasing the hardness. Unfortunately, the

BNNP were unable to be identified within the sample using the SEM.
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Figure 21. SEM image of printed Ti-2.5BN sample showing o’ and o phases

Another critical insight regarding the Ti-2.5BN sample is how reducing the energy
density caused unmelted particles to form. Figure 22, a low magnification image of the Ti-
2.5BNs surface, shows many unmelted particles mostly oriented along the edge of pores.
This formation of these pores is directly related to decreased energy density causing a lack

of fusion between particles [38].
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Figure 22. Low Magnification SEM image highlighting unmelted particles on
the surface of the Ti-2.5BN SLM sample

39



THIS PAGE INTENTIONALLY LEFT BLANK

40



IV. MECHANICAL PROPERTIES

A. MATERIAL HARDNESS AND WEAR RESISTANCE
CHARACTERIZATION METHODS

1. Hardness Testing

Microhardness testing was carried out in a Struers Durascan 50 Vickers hardness
tester. Each sample was polished using the specifications listed in Chapter III Part A
Section 4 to remove the epoxy, obtain a uniform polish, and remove scratches. Surface
scratches, which act as cold working and pores, can skew the localized hardness values.
Using an HV of 0.5, the Vickers microhardness diamond-shaped indenter was forced under
constant pressure into the surface of each sample, and the edge distances were measured to
assess the depth of the indentation. Smaller depth equates to harder material; the opposite
is true of softer materials, which penetrate deeper into the material. For each part, a
minimum of 10 measurements was taken to confirm uniform localized hardness throughout

the build.

2. Wear Testing

Tribological properties were measured using the Nanovea TS50 tribometer. This
machine can perform rotational, linear, and block-on-ring wear testing. The SLM parts
were mounted to a rotating disc that performed dry sliding against a 3 mm alumina ball
that acted as the abrasive material. Alumina was used because of its immense hardness that
can withstand the duration without significant wear. Doing so allowed for the coefficients
of friction (COF) and wear resistance to be examined as a function of the normal force and

wear track depth. Each test used the following parameters:

o Normal Force: 5 N
o RPM: 200 RPM

o Radius: 2 mm

. Time: 30 minutes
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The linear variable differential transform (LVDT), which measures linear motion
and converts it into electrical signals, was graphed as a function of wear distance. This data
was then inverted and normalized to show the trend of wear resistance as the distance
increased. In terms of the contact force, the Hertzian contact stress calculation was used to
estimate the amount of contact force applied to the plates via the 3 mm diameter ceramic
balls. Assuming a Poisson’s ratios of 0.21 and 0.31, elastic moduli of 370 and 110 GPa for
alumina and Ti-64, respectively, and a normal force of 5 N, it resulted in a max contact

pressure of 1544.8 MPa.

B. HARDNESS BEHAVIOR

Hardness was influence by the addition of BNNP, as shown by the averages in
Table 3 and Figure 23, the as-printed samples steadily increased as the Ti-MMC increased
the volume percentage of ceramic reinforcements. A 36% hardness increase from the
control Ti-64 sample. This trend correlates to what should be expected based on other
papers that tested ceramic reinforced Ti-MMC [21,33]. The large standard deviation values

of each material are reflective of defects like pores.

Heat treating the parts decreased the hardness in each sample. The Ti-0.5BN matrix
experienced the most unique change, as it was the only Ti-MMC that increased in hardness
but within one standard deviation, albeit. Thermal stresses could cause this phenomenon
because all of the lower ceramic reinforcement compared to Ti-64 [31]. Ceramics, by
nature, have low thermal conductivity and high elastic moduli and because the parts were
slowly cooled this could have affected the hardness. The manufacturer recommends heat
treatments being performed on the standard printed Ti-64 parts at 800°C; however, as
indicated in Chapter III Part A Section 4, each of the parts were sintered at 1000°C. The
residual stresses that form because of the SLM process, could have caused the increase in
hardness. Likewise, the stresses could have been relieved post-heat treatment due to a
hysteresis loop that resulted in a more ductile part once it was exposed to heat [39].
Additionally, phase changes will occur when heated to 1000°C, for 90 minutes. the could
have resulted in a reduction or total loss of the martensitic o’ phase since it decomposes at

around 650°C [37,38]. Alternatively, that more 8 phase is present because of being slowly
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cooled in the furnace from above the o+ transformation point since the o phase is harder

by comparison [46].

Table 3. Tabulated hardness and standard deviations of each Ti-BN

composition
As-printed
Composition STD DEV

(Vol %) Average (GPa) (GPa)
Ti-64 3.68 0.55
0.5 3.00 0.36
1.0 4.32 0.40
2.5 5.00 0.47

Heat Treated
Ti-64 2.84 0.55
0.5 3.54 0.52
1.0 4.29 0.30
2.5 4.74 0.11
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Figure 23. Microhardness vs Ti-64 and BN reinforcement (% Volume)
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C. WEAR PERFORMANCE
1. As-Printed

Wear behavior was evaluated using a dry sliding wear method. As can be seen in
Figure 26, the COFs for each sample were relatively close in value. However, as the volume
percentage of BNNP increased the average COF also increased, where 0.48, 0.52, 0.57
correspond to 0.5, 1.0 and 2.5 volume percentages, respectively. All of which were lower
than the pure Ti-64 sample which has an average COF of 0.59. Figure 26 shows the COF
plotted vs distance which is represented by a 50-point average to reduce the amount of
noise in the system. The raw data of each sample was refined using the same parameters
and Nanovea’s proprietary software to maintain consistency. From inspection, it appears
that each samples COF increased linearly for approximately 13 m, indicating there was a
wear-in period which increased in conjunction with the increasing amount of surface area
that contacted the ceramic ball [47]. The COF of Ti-0.5BN, appeared to be decreasing in
value as the distance increased, reaching its maximum COF directly as the wear-in period
ended and subtly decreasing to its minimum value as the testing terminated. Ti-64, Ti-

1.0BN and Ti-2.5BN remained constant after the wear-in period.

Figure 24 shows an SEM image of a portion of the as-printed Ti-2.5BN wear track.
At low magnification it is apparent pores exist throughout the wear track which act as
collection points for residue which acts as third-body abrasion. This type of wear is
detrimental to the wear resistance because as the wear depth increases the ceramic
particulates become exposed hastening the wear process [21]. Despite the many pores, high
magnification SEM images reveal the Ti-2.5BN part exhibiting signs of adhesive wear and
visible BNNP. This type of wear is a result of the Ti-MMC being softer than the alumina
balls and is the preferred mechanism since it is results in a smooth surface [47]. Amanov
et al. [47] experienced the same adhesive wearing when performing dry slide testing SLM
Ti-64 parts against a SAE-52100 steel ball bearing. Additionally, Figure 25 highlights
regions which appear to be BNNP based upon their electron transparency and apparent

contrast.
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Figure 24. Low Magnification SEM image of Ti-2.5BN as-printed wear track
showing pores filled with wear debris
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Figure 25. High Magnification SEM image of Ti-2.5BN as-printed wear track
indicating adhesive wear and intact BNNP
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Figure 26. As-printed COF vs Distance

Depth measurements were also graphed as an indication of wear resistance. As
shown in Figure 27, BNNP reinforcements caused an increase in the wear depth. This is
attributed to the increased porosity that the Ti-MMC parts possessed because of lower
energy density. Initially the Ti-0.5BN composite followed a similar depth profile as the Ti-
2.5BN but slowly decreased with time. Of note, wear rates appear to be decreasing upon
termination of the wear-in period but Ti-0.5BN experiences the largest decrease in wear
rate. Overall, Ti-0.5BN displayed superior enhancements in wear resistance in the as-

printed parts unlike the Ti-1.0BN and Ti-2.5BN composites.
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Figure 27. As-printed Wear Depth vs Distance

2. Heat Treatment

The heat-treated parts followed a different trend entirely. For starters Ti-64 which
averaged a COF 0f 0.57, no longer possessed the highest COF instead its COF was reduced
by 30%. Regarding the other samples, their COF were 0.48, 0.62, 0.70 for Ti-0.5BN, Ti-
1.0BN and Ti-2.5BN, respectively, all of which are indicated in Figure 28. The Ti-64
samples wear resistance benefited the most from the heat-treatment opposite of what was
expected based on hardness values. Although the composites all possessed superior
hardness values after being heat treated, the composites show higher COF after heat

treatment.

The wear depth data for the heat-treated samples has very obfuscated results shown
in Figure 29. Assuming porosity played a major role in the high COF for Ti-1.0BN and Ti-
2.5BN and their ability to resist wear depth correlates to their superior hardness. Not only

do pores collect debris, they also represent stress concentration areas that can reduce the
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mechanically properties when dynamic loading is applied [38]. Despite Ti-1.0BN and Ti-

2.5BNs increased porosity they were still capable of producing very similar wear depths to

the Ti-64 sample.
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Figure 28. Heat Treated COF vs Distance
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Figure 29. Graph representing wear depths for heat treated samples

After heat treatment the Ti-2.5BN showed a reduction in the amount of pores that
were present within the wear track. Reduction in pores equates to less areas for debris
deposition which is beneficial to mitigate the effects of third-body abrasion. Figure 30
shows smooth wear tracks with pores dispersed throughout. Using higher magnification
SEM images like Figure 31, unmelted particles were revealed, and the same adhesive wear

profiles experienced by the as-printed Ti-2.5BN sample were present.
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Figure 30. Low Magnification SEM image of Ti-2.5BN heat treated wear
track
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Figure 31. Medium magnification image of Ti-2.5BN heat treated part
showing wear debris, an unmelted particle and adhesive wearing
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Figure 32. High magnification SEM image of Ti-2.5BN wear track showing
intact BNNPs

When looking at the heat-treated Ti-64 sample a large reduction in porosity within
the wear tracks can be seen, shown in Figures 33-34. This observation corroborates the
reduction in COF experienced by the heat-treated Ti-64 sample. The smooth surface
reduces the amount of friction experienced by the ceramic ball, whereas the decrease in
pores results in less debris being collected and reintroduced as a wear accelerant. Finally,
Figure 34 shows that despite being pure Ti-64, the energy density was low enough for this

sample to experience the sample ummelted particles.
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Figure 33. Low Magnification SEM image of Ti-64 heat treated wear track
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Figure 34. Medium magnification SEM image of Ti-64 heat treated wear
track showing unmelted particles and adhesive wearing
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V. CONCLUSION

A. SUMMARY OF RESULTS

Overall, this research confirmed Ti-MMC reinforced with BNNP can be
manufactured via SLM. Confirmation is based up successfully printing Ti-BNNP samples
using multiple geometries and BNNP compositions. Furthermore, the presence of BN will
yield an increase in hardness attributed to both the increase of o’ microstructure and the
effects of BNNP regions within the matrix. The localized and intrinsic hardness was able
to increase by 36%, using the Ti-2.5BN composite despite using a lower energy density

that left unmelted particles that caused the formation of pores.

Regarding tribological enhancements, the composite materials showed COF
capable of being reduced when BNNP is added to the matrix. The most significant decrease
in COF was experienced by the Ti-0.5BN composite, showing an 18% decrease. This
confirms the lubrication properties of BNNP because of their two-dimensionality.
However, since the wear depth data was obfuscated, further analysis using 3D

profilometers would be a more effective way of determining the actual wear depth.

B. FUTURE WORK
1. Optimize Spatial Array Synthesis

Synthesis of composite powders is an area requiring further optimization to produce
a HEBM method that modifies parameters based upon volume percent composition. As
can be seen, the ball ratio plays key role in the particulate dispersion, formation of large
agglomerates and overall flowability of the composite powders. A technique that results in
powder morphology that is similar despite the reinforcement composition, is especially
important when assessing if the powder is capable of being SLM. Although the spatial
arrays allow for better flowability, they still are subject to regional inconsistencies resulting

from the deformation of the powders during the HEBM process.
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2. Optimize Energy Density

Porosity was another issue experienced when building each part using the SLM.
When using and energy density of 60 J/mm? the parts experience reactivity which resulted
incomplete part fabrication. Despite being able to successfully print all parts researched in
thesis, optimizing the laser parameters would be beneficial to manufacturing fully dense
parts, without the need to heat treat. Furthermore, by reducing the porosity through laser
parameter optimization, enhancements in mechanical properties could be studied without

the data being skewed by localized defects.
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