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Summary of project objectives £ind accomplishments 

The objective of this project was to develop a continuum sensitivity finite element analysis 
for the robust design of multi-stage metal forming processes in aircraft manufacturing. The 
computational forming design simulator being developed was applied to several industrial 
forming design applications. It provides the means to select the sequence of deformation 
processes, design the dies and preforms for each process stage as well as the process condi- 
tions such that a product is obtained with desired shape and microstructvu'e and with the 
minimum material utilization and overall cost. The initial selection of the various process- 
ing stages are done a-priori and through the use of classification schemes operating on a 
digital materials and process library. This virtual process laboratory will assist the aircraft 
manufacturing industry in reducing time for process and product development, in trimming 
the cost of an extensive experimental process development effort and in developing processes 
for tailored material properties. 

1    Review of project accomplishments 

The high cost of manufactiuing critical structural components can be greatly reduced with 
the development of mathematically and physically sound computational methodologies for 
process design and control. Metal forming design, therefore, requires an accurate description 
of the thermo-mechanical deformation mechanisms in order to simultaneously achieve two 
or more design objectives defined in Box 1. Such design objectives are subject to processing 
constraints like maximum press capacity, zone of processing temperatures, final product 
quality and cost. These objectives can be achieved by proper design of the initial shape of 
the workpiece, the shape of the die, the ram speed, the initial state of the workpiece and die 
and other process parameters. The complexity of metal forming design is apparent consid- 
ering the number of coupled non-hnear physical mechanisms that need to be accounted for, 
such as (a) large deformation polycrystal plasticity, (b) deformation induced microstruc- 
ture evolution, (c) time varying contact and firiction conditions, (d) thermal effects and 
mechanical dissipation and (e) damage accumulation leading to material rupture. The role 
of these mechanisms in the processing of the initial workpiece to yield the final product 
is paramount and in almost all cases of design, intermediate processing stages need to be 
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used to efBciently transform the initial geometry/material into the desired final shape and 
material properties. 
A number of significant contributions have been made, over the last 4 years, in the devel- 
opment of a virtual materials and process design simulator. In particular: 

• A computational sensitivity framework was developed to evaluate the shape and pa- 
rameter sensitivities of finite coupled thermo-inelastic deformations using the contin- 
uum sensitivity method (CSM) [l]-[4]. 

• Continuum sensitivity method was developed for large thermo-plastic deformations 
combined with ductile damage. This sensitivity firamework is used for the design of 
metal forming processes of porous materials [5]. 

• A mathematicaJly rigorous CSM was implemented for the design optimization of multi- 
stage deformation processes. This multi-stage analysis takes the form similar to an 
updated Lagrangian framework for the design of single-stage processes. It also allows 
us to treat shape and parameter sensitivities in a imified manner [6]. 

Minimization of material usage 
Uniform deformation in the final product 
Minimum required work or forming force 
Desired microstructure in the final product 
Minimum or desired residual stress distribution 
Minimum deformation and wear of the die 
Desired shape of the final product 
Minimum porosity in the final product 

Box 1: Objectives in hot forming design that have been integrated 
in the virtual design environment developed under this AFOSR project. 

A framework was developed for modeling of dynamic recrystallization and related 
grain growth processes by explicitly incorporating the various microstructural length 
scales that describe the state of the evolving microstructme. In addition, a method- 
ology was developed [7] for the control of mean grain size during thermo-mechEmical 
deformation processes. The main reason for this renewed interest lies in the attractive- 
ness of control of microstructural properties in metallic materials by thermomechanical 
processing rather than by alloying - the current, expensive industrial practice. 

The design simulator was extended towards the design of polycrystalline materials. 
This is critical as most airfi-ame and engine applications use materials that are poly- 
crystalline in nature. The properties of these materials depend not only on the prop- 
erties of the individual crystals but also on parameters, like the crystallographic orien- 
tation (texture), that characterize the polycrystal. This texture further characterizes 



• 

the mechanical, thermal and magnetic behavior of the material. In particular, several 
design problems of industrial interest are addressed in [8, 9]. Further, this polycrys- 
talline model was extended to incorporate thermal and mechanical processing effects 
on texture [10]. 

In conjunction with polycrystalline plasticity, a classification methodology [11, 12] 
was developed which has helped develop and maintain a digital materials and process 
library. Further, the classification tool has led to an effective selection of processing 
stages eliminating the need for expert knowledge. 

• In addition, the present virtual design simulator was extended towards modeling and 
design of 3D processes and involved the development of novel algorithms for handUng 
contact and friction problems at the die workpiece interface in both the direct and 
sensitivity problems. As part of developing solutions for complex industrial problems, 
remeshing and data transfer issues were addressed [13, 14]. 

The developed forming design simulator can address a variety of design problems for ge- 
ometrically complex two-dimensional, axisymmetric and three-dimensional multi-stage de- 
formation processes. Such intermediate processing stages help the designer by introducing 
more flexibility in the design process. The developed design simulator is mathematically 
and computationally rigorous, and is based on a gradient-based optimization methodology. 
The virtual materials process design simulator is based on quantified product quality and 
accounts for process targets and constraints. This simulator depicted in Box 2 includes the 
development of a continuum sensitivity analysis consistent with the virtual direct process 
simulator and is capable of accurately computing the gradients of objective functions and 
process constraints. 

• 1. Mathematical representation of the design objective 
• 2. Selection of the sequence of processes (stages) and initial process 
parameter designs using knowledge based expert systems, microstruc- 
ture evolution paths and/or ideal forming techniques 

• 3. Selection of the design variables (e.g. parametric representation of 
dies/preforms) 

• 4. Selection of a virtual direct process model 
• 5. Interactive optimization environment 
• 6. Continuum multi-stage process sensitivity analysis consistent with 
the direct process model 

• 7. Optimization algorithms 
• 8. Assessment of automatic process optimization 

Box 2: A computational design simulator for forming processes. 

The advantages of such a design simulator are substantial and are discussed as needed. In 
the next few sections, particular achievements of this project are briefly described. For more 



details, the original comprehensive references that discuss these developments in detail can 
be downloaded from our laboratory's web site. 

1.1    The CSM for hot-forming design [4] 

A computational framework has been developed to evaluate the shape as well as non- 
shape (parameter) sensitivity of finite thermo-inelastic deformations using the continuum 
sensitivity method (CSM). Weak sensitivity equations are developed for the large thermo- 
mechanical deformation of hyperelastic thermo-viscoplastic materials that are consistent 
with the kinematic, constitutive, contact and thermal analyses used in the solution of the 
direct deformation problem. The sensitivities are defined in a rigorous sense and the sensi- 
tivity analysis is performed in an infinite-dimensional continuum framework. The effects of 
perturbation in the preform, die surface, or other process parameters are carefully consid- 
ered in the CSM development for the computation of the die temperature sensitivity fields. 
The direct deformation and sensitivity deformation problems are solved using the finite 
element method. The results of the continuum sensitivity analysis are validated extensively 
by a comparison with those obtained by finite difference approximations (i.e. using the so- 
lution of a deformation problem with pertturbed design variables). The effectiveness of the 
method has been demonstrated with a number of applications in the design optimization 
of metal forming processes. 
One representative example involved the preform design for closed-die forging process. Most 
industrial design problems involve multiple objectives and an attempt is made to discuss 
such design issues in this example. It concerns the estimation of the volume of the preform 
as well as the design of the free surface of the preform so as to completely fill a given 
die cavity with minimum fiash and result in a product with uniform scalar state variable 
(deformation resistance parameter). A non-isothermal die with an initial temperature of 
473 K is used. The die is described in [4]. The free surface Rg{a) is represented as a degree 
6 Bezier surface. The reference preform was chosen as a right circular cylinder whose volume 
was nearly equal to the volume enclosed by the die cavity. The initial preform used was of 
dimensions 0.7 mm (radius) xl.2 mm (height) and it was of less volume than the die cavity. 
The simulation parameters used in this example are tabulated in [4]. The distributions of 
the state variable in the product obtained using the initial preform, the optimal preform and 
the reference preform discussed above are given in Figure 1. Further, Figure 2 provides the 
optimum preform shape. The computed average values of the state variable in the product 
obtained using the reference and optimal preforms are given as 40.8 MPa and 40.0 MPa, 
respectively. To quantify the extent of reduction in the variation of the state variable, we 
also evaluated the average deviation of the state variable in the obtained products. It is 
given as 1.819 MPa for the product obtained using the reference preform and 1.174 MPa 
for the product obtained using the optimum preform. 
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Figure 1: Comparison of the state in the final product using initial, optimal and reference 
preforms. 

Figure 2: Optimal preform shape needed to fill the die and minimize the deviation in state 
variable in the final product. 

1.2    The CSM for materials with ductile damage [5] 

A continuum sensitivity method has been developed for thermoplasticity combined with 
ductile damage at finite strains [5]. The computed sensitivity fields are used within a 
gradient-based optimization firamework for the computational design of metal forming pro- 
cesses for porous materials. The accuracy and effectiveness of the developed updated La^ 
grangian finite element analysis and design techniques were demonstrated with a number of 
representative examples. In addition to die design problems, novel preform (shape) design 
problems were examined for near net shape manufactmring that accounts for the volmne 
change induced during the deformation process. In particular, the volume void fraction is 
taken to be the damage parameter, whose evolution equation is obtained from the conser- 
vation of mass of the matrix material. In addition, the body is assumed to behave as a 
continuum despite the presence of microvoids. 
An example of the applicability of the design simulator is discussed next. The objective here 
is to design the volume and the free surface of a cylindrical preform of height 2.0 mm, that 
when compressed with a given closed forging die, fills the die completely with minimum or 
no flash, after a specified stroke of 0.65 mm. The workpiece material is taken to be Fe-2%Si 
with a 5% porosity, at an initial temperatm-e of 1273 K. The desired final radius around the 
flash is taken as 1.2 mm and the desired height at r = 0 as 0.7 mm. The particular die for 
this problem is defined in [5]. Since the problem is complex in nature, it involves multiple 



Figure 3: Initial guess preform shape, the final product using this guess and the distribution 
of void fraction in the final product for a thermomechanical closed die forging process. For 
a non-porous material, this preform will fill the die as required without flash. 
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Figure 4: Optimal preform shape, the final product using this preform and the distribution 
of the void fraction for a thermomechanical closed die forging process. 

remeshing operations. The free surface Raia) is represented with a degree 6 Bezier curve 
as in the first example. Figure 3 shows tne quarter geometry of the initial guess preform 
(a right circular cyUnder of radius 0.8 mm and height of 2 mm). Also shown is the final 
product shape obtained using this reference preform. Figure 4 shows the optimal preform 
and the final product shape achieved using this optimal preform. 

1.3    Design of multi-stage material processing operations [6] 

A novel, efficient and mathematically rigorous continuum based sensitivity method has 
been developed which can be used to accurately evaluate the gradients of the objective 
function and constraints in the optimization-based design of multi-stage deformation pro- 
cesses. Weak sensitivity equilibrium equations are derived for the large deformation of 
the workpiece in each forming operation. This sensitivity kinematic problem is linearly 
coupled with the corresponding continuum sensitivity constitutive, contact and thermal 
sub-problems for the particular process. Thus a linear sensitivity problem with appropriate 
driving forces is identified and the analysis is carried out in an infinite dimensional frame- 
work. The multi-stage continuum sensitivity analysis takes a form similar to the updated 
Lagrangian sensitivity framework developed earlier for the design of single-stage deforma- 
tion processes. It allows us to treat in a unified manner shape and parameter sensitivity 
analysis that are both present in a tj^^ical design problem of multi-stage deformation pro- 
cesses. The effectiveness of the proposed methodology is demonstrated with the solution of 



Figure 5: Reference one-stage design using a right-circular cylinder of the required volume. 

three practical problems in the design of two-stage metal forming processes. 
We present an example involving forging process design for producing an (axisymmetric) 
ribbed disk. The initial billet is a right cylinder of 2 mm height and 0.88 mm radius. 
The height reduction at r = 0, in the first stage is 0.9 mm and in the second stage is 0.5 
mm. A quarter of the billet is modelled in the simulation and design. For simplicity of the 
design process, isothermal process conditions (673 K) are assumed herein. The finishing die 
geometry is defined in [6]. When a single stage process is considered (using a right-circular 
cylinder of the fixed required volume of 4.93 mm^), one can notice froni Figure 5 that the 
die cavity cannot be filled in the upper-right corner. To overcome this problem, a possible 
solution will be to start with considerably more material than that required. However, this 
could lead to a high forging force and sizeable increase in flash. An alternative solution 
to this problem is to design a multi-stage process, in which the initial billet (right circular 
cylinder) is preformed to some intermediate shape. This preform is then formed to the 
desired shape using the finishing die. The solution reported has demonstrated that the 
design intent of the final product can be achieved with a two-stage process. The design 
example is thus re-posed as a two-stage design problem, where an open die is adopted in 
the performing stage and a closed die in the finishing stage. In the design process, the closed 
die is kept unchanged to form the desired boundary of the final product and the objective 
is to design the open die shape such that the finishing die cavity can be completely filled. 
Figure 6 shows the design process of the performing die. When an initial guess (flat die) is 
used, a noticeable gap appears at the top of the outer cavity, where as the design preforming 
die shape results in completely filUng teh cavity. Finally, a comparison of the force histories 
for the reference (non-optimized) one-stage design process and the two-stage optimal process 
computed using the CSM method is provided in Figure 7. Even though, the objective of 
the simulation was to solely control the shape in the final product, it is apparent that, as 
byproduct of the design simulation, a reduction in the maximum force was obtained as well. 

1.4    Design of materials undergoing dynamic recrystallization [7] 

The idea of control of mechanical properties in materials through designer processing tech- 
niques is promoted through this effort, in contrast to the standard control by alloying. 
Microstructure evolution through dynamic recrystallization is accurately modelled for the 
large thermo-mechanical deformation of hyperelastic thermo-viscoplastic materials. An in- 
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Figure 6: Comparison of the final product obtained using the initial and optimal solution 
for the thermo-mechanical preform forging design problem. 
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Figure 7: A comparison of the required forging force histories for the one-stage reference 
design and the two-stage optimal design. 
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Figure 8: Variation of the mean grain sizes and the intermediate preform using various die 
shapes during the optimization process. 

novative solution strategy and a computational algorithm are developed for the solution 
of the direct deformation problem comprised of the kinematic, constitutive, contact and 
thermal sub-problems. The description relies on microstructure based scalar state vari- 
ables. The formulation follows an approach that considers an instability criterion to define 
the onset of recrystallization. The analysis is performed for hot forming processes and 
the kinetics of grain growth is controlled by the grain boundary energies and the energy 
stored through the dislocation density. A finite element implementation is developed and 
vahdated with available numerical and experimental results. In addition, an innovative 
computational framework is developed for the design of deformation processes using the 
continuum sensitivity method (GSM) incorporating microstructure related state variables. 
This GSM involves considering the direct continuum equations, design-differentiating them 
and then evaluating their discretized form. The developed method is validated by com- 
paring the computed sensitivities to those obtained through a finite difference scheme. In 
addition, a gradient-based optimization framework is developed which uses the continuum 
sensitivity method to evaluate the gradients of the objective functions and constraints. 
The effectiveness of the method is demonstrated through an example of a two-stage forming 
process design for producing an axisymmetric disk in 2 stages. The initial billet is a right 
cyhnder of 1.6 mm height and 1.04 mm radius. The height reduction at r = 0, in the first 
stage is 0.3 mm and in the second stage is 0.4 mm. A quarter of the billet is modelled in 
the simulation and design. The material modelled is taken to be 0.2% G Steel at an initial 
temperature of 1213 K. The design problem involves a preforming stage using a fiat die 
in an open-die forging process. The finishing stage is a closed die of desired shape. The 
volume of the billet is chosen so that the final product occupies the finishing die completely. 
The preforming die surface is represented using a degree 6 Bezier curve with 5 independent 
variables. The problem is to design the preforming die shape so that the variation in 
the grain sizes in the finished product is minimized.   Figures 8 and 9 present the mean 



(a) Initial design iteration (b) Intermediate design iteration 
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(c) Optimum design iteration 

Figure 9: Variation of the mean grain sizes in the final product using various die shapes at 
different stages of the optimization process. 

grain sizes in the intermediate preform (product after stage I) and the finished product. 
Quantitatively speaking, the average grain size in the product obtained using the guess 
preforming die shape was observed to be around 64 microns with an average variation of 
about 40% of the initial grain size. In the product obtained using the optimal die shape, 
the average grain size was observed to be about 56 microns and the variation was seen to 
be less than 20% of the initial grain size. 

1.5    CSM for the design of deformation processes for polycrystalline ma- 
terials [8]-[10] 

Development of techniques for the control of material properties of polycrystal materials 
that are inherently dependent on preferred orientations (texture) is also addressed. To ac- 
count for the infinite degrees of freedom of microstructural features, a model reduction on 
the micro-scale was introduced. Reduced-order models are developed to model the evo- 
lution of microstructure described by an orientation distribution function using a finite 
element discretization of the orientation space. This reduced-order modeling approach is 
based on the technique of proper orthogonal decomposition (POD) and the method of snap- 
shots. Furthermore, novel design problems were introduced and solved for the control of 
microstructure based on realistic polycrystalline plasticity. Specifically, a gradient based op- 
timization framework is introduced using a multi-length scale continuum sensitivity method 
(CSM). The model reduction is extended to the sensitivity analysis and is a key element for 
the success of computational design of deformation processes. In addition, the potential of 
the presented techniques towards process design for obtaining desired material properties 
is demonstrated with the control at a material point of the elastic modulus in f.c.c Copper. 
Here, we control the velocity gradient to obtain a particular distribution of the elastic mod- 
ulus about the normal direction. The desired distribution is obtained through a uniaxial 
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Figure 10: Comparison of the distribution of the elastic modulus at different stages of the 
optimization process and the variation of the objective function with optimization iterations. 

tension test with the velocity gradient expressed in terms of a as: 

a = {0.6,0,0,0,0};     UQ = ar = as =0 

where a is defined as 

L    —    ai 

+    aA 

+    ay 

1.0 0.0 0.0 0.0   0.0 D.O 0.0 1.0   0.0 
0.0 -0.5 0.0 + a2 0.0   1.0     0.0 + as 1.0 0.0   0.0 
0.0 0.0 -0.5 0.0   0.0   -1.0 0.0 0.0   0.0 

0.0 0.0 1.0 " ■ 0.0   0.0   0.0 ' 'o.o -1.0 0.0 ■ 
0.0 0.0 0.0 + as 0.0   0.0   1.0 + ae 1.0 0.0 0.0 
1.0 0.0 0.0 0.0   1.0   0.0 0.0 0.0 0.0 

0.0 0.0 -1.0 ■ ■ 0.0   0.0     0.0 
0.0 0.0 0.0 + as 0.0   0.0   -1.0 
1.0 0.0 0.0 0.0   1.0    0. 0 

(1) 

+ 

+ 

(2) 

and L is the velocity gradient at a material point and is incompressible. The elastic modulus 
is evaluated from the polycrystal stiffness (of Gopper) where the weighting factor is the ODF 
expressed over the fundamental region. The initial guess of the velocity gradient was chosen 
around the design solution as 

a = {0.4, 0.1, 0, 0, 0} (3) 

Figure 10 compares the distribution of the elastic moduli (about different axis rotated 
around the RD) at different stages of the design process. Also shown in the Figure 10 is the 
desired distribution (shown with dashed Unes) and the distribution obtained from a random 
texture (i.e. isotropic material). The optimum velocity gradient was obtained as: 

a = {0.674, 0.142, 0.082, -0.012, 0.029} (4) 

More examples involving both full and reduced order models are described in [8, 9]. 



(a) (b) 

Figure 11: (a) Polarised light micrographs of Aluminum alloy AA3002 representing the 
rolling plane (600 x 600(j.m?).{h) A representative image from the reconstructed class of the 
image (edge length = 600/im) 

1.6 Classification methodology for microstructure [11]-[12] 

A microstructure classification framework has been developed based on support vector ma- 
chines, an efficient statistical learning technique. Computationally or experimentally ob- 
tained microstructure models have been combined with classification and database based 
approaches for appUcations of three-dimensional reconstruction and reduced representation 
of microstructural images. Statistical learning approaches provide an attractive and compu- 
tationally viable solution to the 3D representation of complex raicrostructmres given limited 
information over a planar section [11, 12]. The objective of microstructure reconstruction is 
to mimic the geometry of real microstructure, enabling the creation of numerical realizations 
that can be applied to the prediction of engineering properties. 
The reconstruction has been tested for polyhedral (Figure 11) and two-phase microstruc- 
tures (Figure 12) and verified with predictions based on stereological analysis and property 
bound analysis. Since lower order features are employed for classification, the reconstruc- 
tion eventually yields a class of microstructures instead of a single spatial image. This 
is because lower-order features used for classification do not uniquely characterize mate- 
rial microstructure, i.e. several different microstructures might have the same lower order 
functions. Instead of using several higher order measures for the representation of such 
microstructures, an incremental principal component analysis technique is introduced for 
reduced representation and quantification. The method (Figure 13) works in conjunction 
with classification to dynamically update the quantification based on fresh images added to 
the library and aids in the real-time representation of images [11]. 

1.7 Materials design through texture data-mining [15] 

In [8, 9] we had proposed a multi-scale process design algorithm based on reduced rep- 
resentation of ODF using proper orthogonal decomposition employing the finite element 
representation of the ODF over an explicit discretization of the orientation space. In a 
recent work [15], we have further extended the methodology presented in [8, 9] and have 
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Figure 12: (a) Experimental image of Ag-W composite.(b) A reconstructed pore structure 
(edge length = 20^m) 

Feature Extraction 

Support Vector Machines Classifier 

Dynamic Microstructure library (Based on incremental eigen-basis update) 

Figure 13: Dynamic library of microstructures based on support vector machine classifica- 
tion and reduced representation using incremental principal component analysis 
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Figure 14: (a) The classification hierarchy for ODFs. The feature vector contains the pole 
density functions at different sample directions for the family of fibers specified at each 
classification level, (b) Classification based on property distribution: Young's modulus 
distribution of a class of ODFs with the process paths indicated. Through data-mining 
approaches, identification of several processing paths that can lead to a desired texture or 
texture-dependent property is made possible. 



formulated a new data-mining and an adaptive reduced-order optimization approach for 
the design of appropriate processing sequences that lead to desired properties. ODFs from 
experiments or direct simulations of texture evolution are stored within a database from 
which processing routes leading to desired properties can be identified through data-mining. 
Class hierarchies of ODFs are created based on features in the form of pole density functions 
over prominent fiber families in the fundamental region (See Fig. 14 (a)). Several processing 
paths are associated with each class of textures (See Fig. 14 (b)), enabling identification of 
multiple processing sequences that can lead to the desired properties. Once the processing 
sequences and associated parameters are identified through classification, fine-tuning of the 
parameters is performed through an adaptive reduced-order gradient-based optimization 
approach. 

1.8    Development of a 3D design simulator - Transition from academic 
problems to complex industrial applications 

Although simulation of metal forming processes using modern computational tools has 
reached an advanced stage, there is still a great need to develop computational techniques 
for process design. In this eff'ort, the continuum sensitivity method (GSM) is extended to 
three-dimensions (3D) to accurately compute sensitivity fields and drive the design prob- 
lem with specific material and process objectives. The current 3D developments involve 
a novel regularized approach to the contact sensitivity problem that addresses the non- 
differentiability of the contact constraints. The computed sensitivity fields are used in a 
gradient optimization framework for process design (optimization) in 3D metal forming ap- 
plications. A typical design problem at each optimization iteration involves simultaneous 
solution of a direct problem and a number of sensitivity problems corresponding to each 
of the design variables. Various industrially relevant 3D design problems related to pre- 
form and die design for desired properties in the final product are considered in [13, 14] 
highlighting the features and potential of the present metal forming design simulator. 
As an illustration, we highlight the problem (described in [14]), of forging of a circular disc. 
The objective is to design the preform of variant volume for a final forged product (with fixed 
stroke) such that the die cavity is fully filled. The workpiece material considered is made of 
a porous Fe-2%Si with an initial void fraction of 5%. As a result, the volume of the material 
changes when it is subjected to deformation. In the regions where there are compressive 
stresses, the void fraction decreases leading to a decrease in volume. The converse happens 
in regions of tensile stresses. Thus this problem involves not only estimating the optimum 
preform shape but also the optimum initial volume such that the die cavity is filled. One 
way to ensinre that the die cavity is filled is to consider a preform of a much larger volume 
than that needed. In this case, the die cavity is filled up but there will be considerable 
material wastage due to flash. 
The design objective in this example is thus posed as computing the optimum preform shape 
and its volume which fills the die cavity with minimum flash for the given die stroke. The 
optimization iterations start with a preform of slightly lesser volume than the die cavity and 



Figure 15: Initial preform and final forged product for the closed die forging problem. 

Figure 16: Optimal preform and final forged product for the closed die forging problem. 

the design iterations try to attain the optimum volume and shape of the final preform which 
fills the die cavity with minimum flash. The initial preform is assumed to be a cylinder of 
radius 1.0 mm and height 1.44 mm. The preform is subjected to a total deformation of 
58% (height reduction from 1.44 mm to 0.6 mm at the center). The workpiece is isothermal 
with a constant temperature of 1273 K. Using symmetry only one-eight of the domain is 
used for computations, A mesh consisting of 600 elements and 819 nodes is used in this 
simulation. The curved surface parameterization for the preform is performed through a 
Bezier surface. Figure 15 shows the guess preform and the final forged product for the 
first optimization iteration. The optimal solution for the design problem is attained in 5 
optimization iterations. The optimal preform shape and the final forged product are shown 
in Figure 16. The volume of the optimum preform is 5.305 mm^, and the volume of the 
final forged product is 5.205 mm^. The volume of the die cavity is 5.104 mm^. 
Several issues remain to be addressed to allow the 3D design simulator to be used routinely in 
industry. These issues currently being addressed with AFOSR support include algorithms 
for remeshing and data transfer, implementation of parallel PETSc-based algorithms for 
increasing the efficiency and performance of the simulator, and other. 

1.9    Investigating the role of uncertainty in continuum system analysis 
and design 

Any computational model of complex phenomena that depicts real life behavior has uncer- 
tainty built in. The uncertainty may be due to inherent variability of the physical system, 
approximations in the formulation of the problem, modeling errors in the solution of the ap- 
proximate model, the lack of information about the system parameters or simply ineflaciency 
in obtaining certain data. Simulation of deformation processes cannot be reliable without 
quantifying the role that uncertainty plays on model predictions. Uncertainty management 



is critical in an accelerated insertion.of any process or in product development where en- 
gineers need to provide robust design solutions to uncertain requirements with multiple 
design-related product performance attributes. 
With respect to process modeling, we are first interested to quantify how uncertainty in ma- 
terials and process parameters (model parameters and initial/boundary conditions) propa- 
gates in the solution process. Such analysis will allow us to quantify the level of acceptable 
variability in the material and process data that result in a desired level of robustness of 
the solution. 
With an understanding of the uncertainty propagation in the direct system/process re- 
sponse, we are then interested to address computational design of processes to obtain a 
product with desired robustness of material properties, geometry and/or microstructure. 
Robust computational design is addressed with two sub-problems: 

• With given product of desired robustness, compute the full statistics of the design 
variables as well as the acceptable level of uncertainty in the material process data. 

• With the computed acceptable level of uncertainty in the material and process data, 
evaluate the needed material testing that can result in the estimation of this data 
(materials testing driven by design). 

Considering the complexity of addressing uncertainty propagation in deformation processing 
(which was not the main focus of this project), we explored various uncertainty propagation 
techniques for 'simpler continuum problems' thus building the needed computational tools 
to proceed addressing robust design of processes (which is one of the focus areas of our 
current AFOSR contract). Some of the completed developments in this direction under this 
grant include the following: 

• Development of a MCMC-based Bayesian inference computation framework for es- 
timation of probability distributions of material parameters and as an alternative 
approach to robust design [16]-[19] 

• Investigation of the role of stochastic modeling in multiscale problems: Can a complex 
system be modeled by representing the dynamics of neglected spatial and time length- 
scales (subgrid) with stochastic processes? [20]-[22] 

Emphasis of our work was given to the development of stochastic modeUng, optimization 
and design tools that can be applied to a variety of systems governed by partial differential 
equations. For example, considerable effort was applied in identifying efficient algorithms 
that exploit the inherent structmes in the spectral stochastic framework and allow for accel- 
erated probabilistic simulations. Digital libraries that compute statistical averages, efficient 
finite element assembly algorithms are a part of this venture. Stochastic optimization tech- 
niques are also explored for robust design of continuum systems. 
We finally at closing note that these developments in investigating the role of uncertainty 
in continuum systems have indeed been very useful as our first publication on the role of 
uncertainty in large deformation processes is currently under preparation!! [23]. 



2 Personnel supported 

N. Zabaras (PI), S. Akkaxam (GRA, PhD 2001), S. Ganapathysubramanian (GRA, PhD 
2004), Swagato Acharjee (GRA), Veeraraghavan Sundararaghavan (GRA), Velamur Asokan 
Badri Narayanan (GRA, supported in part) k Jingbo Wang (GRA, supported in part). 
The PhD theses of Dr. A. Srikanth [24] and Dr. Ganapathysubramanian [25] address many 
of the developments highlighted in this final report. 

3 Interactions with AFRL and industry 

• This project was initiated by the Materials Process Design group of AFRL/MLLM. 
In addition to this division, the Metals Branch of AFRL (Dr. RoUie Dutton) has also 
been involved in many aspects of this work. The developments related to statistical 
learning and multiscale modeling and design in materials are direct by-product of 
our collaboration with them. Many of the accomplishments in this direction are of 
significance to various DARPA programs including AIM and Prognosis. 

• In addition to AFRL/MLLM, companies interacting with us on this project include: 
General Electric R&D, General Electric Aircraft Engines, Pratt and Whitney (P&W), 
Alcoa and Mil-Tec corporation. 

• Our collaboration with Alcoa has continued towards the experimental evaluation of 
computational designs, on the designs of flat-die extrusion and multiple-pass rolling 
processes as well as on the design of processes for damaged materials. 

• Plans have been in place with MilTec corporation (http://www.niil-tec.com, Dr. 
Garth Prazier) and AFRL for potential commercialization of the developed simulator. 
We expect these efforts to materialize in the Spring of 2005. 

• The PI has also reviewed this project in various agencies and universities including 
Alcoa (2001), DARPA (2001), Michigan State University (2002), General Electric 
R&D (2002), PUCE (Brazil) (2002), GE R&D (2003), COMPLAS 2003 (April 2003), 
AFOSR (May 2003), AFRL (July 2003), Johns Hopkins University (2003), Worcester 
Polytechnic Institute (November 2003), Lehigh (January 2004), Duke (February 2004), 
ARO (April 2004), and AFOSR (May 2004). For more details on these presentations 
and downloading the actual presentations, see http://www.mae.cornell.edu/zabaras/. 



Note: The following publications acknowledge the AFOSR support. They are available on 
line at http://www.mae.cornell.edu/zabaras/Publications/Publications.html. Additional 
powerpoint presentations at conferences, seminars, etc. can also be downloaded from this 
web site. 
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