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Abstract: In this work, we present a gradient optimiza-
tion technique for optimizing deformation processes.
The optimization is based on the continuum sensitivity
method (CSM). CSM involves differentiation of the gov-
erning field equations of the direct problem (constitutive,
contact and kinematic problems) with respect to the de-
sign variables and development of the weak forms for
the corresponding continuum sensitivity equations. The
present 3D developments involve a novel regularized ap-
proach to the contact sensitivity problem that addresses
the non-differentiability of the contact constraints. A rel-
evant 3D die design problem and a 3D preform design
problem are considered highlighting the features of the
algorithm developed.

1. Introduction: Though there has been extensive work
by different groups in simulating the direct problem in
forming processes, comparatively less attention has been
devoted in developing a strategy for solving the design
problems that arise in this field. As a result most of
the methods for industrial deformation process design
are currently focused on trial and error techniques. In
this paper, we have developed an algorithm for metal
forming design based on a gradient optimization frame-
work. The gradients of the objective function are cal-
culated using the sensitivity fields obtained from the fi-
nite element implementation of the continuum sensitiv-
ity method (CSM). The continuum equations defining
the sensitivity fields in the CSM are obtained by design-
differentiating (i.e. differentiating with respect to the de-
sign variables) the continuum governing equations of the
direct problem. The finite element form of the CSM is
posed by introducing an appropriate weak form of the
continuum sensitivity equations and subsequent finite el-
ement discretization and approximation. This work is
an extension of our previous work which was restricted
to 2D applications [1]-[5]. Extending to 3D applica-
tions involves a new continuum sensitivity formulation
of the contact problem based on the method suggested by
Laursen in [6]. The 3D sensitivity contact subproblem is
also defined in a fully continuum setting that allows us to
accurately compute the sensitivities of the contact trac-
tions as required by the sensitivity deformation problem.

2. The direct large deformation problem: A review
of the direct deformation problem utilized in our design
simulator is given in [1]-[4]. Let us denote with B0

the initial undeformed configuration of the body before
any processing and with Bn the configuration obtained
at time tn as a result of deformation processing.

The direct problem involves computing the time history
of the deformation, temperature, material state and plas-
tic deformation of a body deforming as a result of exter-
nal forces and/or deformation due to contact and friction
at the workpiece-die interface. The deformation problem
is sub-divided into kinematic, constitutive, contact and
thermal sub-problems. An updated Lagrangian FEM for-
mulation is used to solve the direct deformation problem
in a generic forming stage in which material occupying
an initial configuration B0 is deformed to obtain a final
configuration Bf (t = tf ). To compute the material con-
figuration Bn+1 for n = 0, 1, · · · , (f − 1), we proceed
in an incremental fashion using the configuration Bn as
the reference configuration. Let X be a material particle
in B0 and let x = x̃(X, t) be its location at time t. The
total deformation gradient can be defined as

F (X, t) = ∇0x̃(X, t) =
∂x̃(X, t)

∂X
(1)

In the kinematic framework adopted for large deforma-
tion inelastic analysis including thermal effects, the total
deformation gradient is decomposed into thermal, plastic
and elastic parts as follows:

F ≡ F n+1 = F eF pF θ (2)

where F e is the elastic deformation gradient, F p, the
plastic deformation gradient and F θ is the thermal part
of the deformation gradient in Bn+1. Using an updated
Lagrangian framework, the total deformation gradient
F n+1 at time t = tn+1 can be expressed in terms of F n

at time t = tn as follows:

F n+1 = F rF
n (3)

where F r is the relative deformation gradient. The equi-
librium equation at t = tn+1 can be expressed in the ref-
erence configuration Bn as,

∇n•P r + f = 0 (4)

where ∇n denotes the divergence in Bn and P r denotes
the Piola-Kirchhoff I stress. The solution of the defor-
mation problem in the current processing stage proceeds
incrementally in time starting from the initial configura-
tion B0. In order to solve the equilibrium equation (Eq.
(4)) at time t = tn+1, the constitutive relationship be-
tween P r and the relative deformation gradient F r and
temperature θ should be evaluated. State variable-based
constitutive models have been used earlier in our work
and details on the direct and sensitivity constitutive prob-
lems are not given here as the methodology is identical to
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that used in our earlier 2D work in [1]. In extending the
direct deformation problem to 3D, the kinematic and the
thermal sub-problems are also mathematically identical
to the developments in the 2D formulation. The contact
sub-problem requires a different approach, which is dis-
cussed in detail in the following subsection.

2.1 Three dimensional implementation of the die-
workpiece contact and frictional conditions: The con-
tact and the friction model implemented is based on the
implicit approach proposed in [6]. The schematic of the
contact model is shown in Fig. 1. The die is assumed to
be rigid and its surface is parameterized in three dimen-
sions using the parameters ξ = [ξ1, ξ2]. Any point on the
die can be represented as y(ξ) = (y1(ξ), y2(ξ), y3(ξ)),
where 0 ≤ ξ1, ξ2 ≤ 1. At each point of the die surface,
we define a local basis with the tangent and the normal
vectors at that point. The tangent vectors can be defined
as follows:

τα = y,ξα =
∂y1

∂ξα
e1 +

∂y1

∂ξα
e2 +

∂y3

∂ξα
e3, α = 1, 2

(5)
The unit normal at the same point can be defined as a
cross product of the tangent vectors with unit norm. The
die surface separates the continuum space into the admis-
sible and the inadmissible regions. The region K along
with the boundary ∂K constitute the admissible region
for deformation. We define a region Γ where Γ ⊂ ∂Bn

as the part of the boundary that could potentially come
into contact with the die. The unit normal to the die is
defined such that it always points towards the admissible
region. We define a gap function g as the shortest distance
between the die surface and a point in space denoted by
x.

ȳ − x = g(x)ν(ȳ) (6)

where ȳ ∈ ∂K is the value of y which minimizes the
norm ||x−y||. Using the above definition of the gap func-
tion, we can now define the impenetrability constraints
for the contact between the die and the workpiece. For
all xn ∈ Γ, with xn+1 = xn + u(xn),

g(xn+1) ≤ 0

λN = ν.λ

λNg(xn+1) = 0 (7)

where λ is the current traction vector defined on Γ and
λN is its normal component. Assuming that Coulomb
friction exists in the contact region with a friction coeffi-
cient µ, the Coulomb friction law can be written as fol-
lows:

Φ := ||λT || − µλN ≤ 0

vb
T := γ̇

λT

||λT ||

γ̇ ≥ 0

γ̇Φ = 0 (8)

In the above equation λT = λTα
τα is the tangential trac-

tion and ||λT || = [λTβ
mβγλTγ

], where mβγ = τβ
•τ γ

is the metric tensor. vb
T represents the dual of the relative

velocity vT between the workpiece and the die defined as
follows:

vT =
d

dt
[ȳ] = ˙̄ξατα (9)

where ξ̄ is the value of parameter associated with ȳ. A
unique value of the parameter ξ̄ is associated with each ȳ.
The contact constraints are enforced using an augmented
Lagrangian formulation and the time integration of the
frictional constraint is achieved by a trial state/return map
algorithm. We introduce the Lagrange multipliers λN ,
λT1

and λT2
corresponding to the normal and tangen-

tial tractions, respectively. The penalty parameters in the
normal and tangential directions are denoted by εN and
εT . The principle of virtual work equation is nonlinear
and a Newton-Raphson procedure is used to incremen-
tally solve for the new configuration Bn+1. At every
contact iteration, given the new workpiece configuration,
the contact constraints are checked for satisfaction. If not
satisfied, the Lagrange multipliers are updated and the so-
lution proceeds to the next iteration. Complete details of
the algorithm are provided in [7].

3. Formulation of the continuum sensitivity method
for a generic forming stage: We now consider the
sensitivities with respect to the design parameters β of
field variables in the current forming stage. Such typi-
cal process parameters may include the ram speed his-
tory, the die surface of the current stage, and others. An
updated Lagrangian representation is adopted here. Let
us consider a generic field Φ. The parameter sensitivity
◦

Φ=
◦̂

Φ(xn, t;β) is defined as the total Gateaux differen-
tial of Φ = Φ̂(xn, t;β) in the direction ∆β computed at
β:

◦̂

Φ(xn, t;β,∆β) =
d

dω
Φ̃(X, t;β + ω∆β)|ω=0 (10)

t ∈ [tn, tn+1]

Extension of these definitions to shape sensitivities (e.g.
sensitivities with respect to the preform shape) is de-
scribed in detail in [1].
The developed sensitivity scheme proceeds as follows.
The governing equations of the various sub-problems in
the direct analysis (e.g. the kinematic, constitutive, con-
tact and thermal analysis) are first design-differentiated
and then appropriate weak forms, time integration and
discretization are introduced. The resulting linear sen-
sitivity sub-problems are combined to produce a linear
problem for computing the sensitivity of the deformation,
plastic deformation gradient and material state. A unified
weak form is developed here to compute sensitivities with
respect to any design parameter (which maybe a scalar or
a vector field).
A weak form for the linear sensitivity analysis of a
generic forming stage is identified by considering the sen-
sitivity of the equilibrium equations and boundary condi-
tions at the continuum level. The sensitivity deformation
problem is developed on the reference preform Bn. The
design sensitivity of the equilibrium equation (Eq. (4)) at
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Figure 1: Schematic of the contact problem.

t = tn+1 results in:

◦

∇n•P r +
◦

f= 0, ∀ xn ∈ Bn (11)

A variational form for the above sensitivity equilibrium
equation can be posed as follows [3]:

∫

Bn

◦

P r •∇nη̃dVn −

∫

Bn

(

P r

[

∇n•Ln
T
])

• η̃dVn −

∫

Bn

(

P rLn
T
)

•∇
n
η̃dVn =

∫

Γn

{

◦

λ − [Ln• (N⊗N)] λ

}

• η̃ dAn (12)

where η̃ is a kinematically admissible sensitivity defor-
mation field expressed over the reference configuration
Bn, N is the unit normal vector to Γn and the (known)
design velocity gradient Ln at tn is defined as follows:

Ln ≡ ∇n
◦̂

x(xn−1, tn;β,∆β) =
◦

F n F n
−1 (13)

The primary unknown of Eq. (12) is the design differ-

ential
◦

x n+1 =
◦̂

x(xn, tn+1;β,∆β). In order to ob-
tain the final form of the variational sensitivity problem,

the relationships between (a)
◦

F r and
◦

xn+1 (b)
◦

P r and

[
◦

xn+1,
◦

θn+1] (c)
◦

λ and
◦

xn+1 need to be developed. The

relationship between
◦

F r and
◦

xn+1 is purely kinematic in

nature. The relationship between
◦

P r and [
◦

xn+1,
◦

θn+1]
is obtained from the sensitivity constitutive problem. The

relationship between
◦

λ and
◦

xn+1 is obtained from a reg-
ularized sensitivity contact problem outlined in the next
subsection.

3.1 Three-dimensional sensitivity contact problem:
The sensitivity contact problem involves computing the
sensitivities of the contact traction vector which can be
written as

◦

λ=
◦

λN ν(ȳ) + λN

◦

ν(ȳ) −
◦

λT1
τ 1(ȳ) − λT1

◦

τ 1(ȳ)

−
◦

λT2
τ 2(ȳ) − λT2

◦

τ 2(ȳ) (14)

where
◦

τ 1(ȳ) and
◦

τ 2(ȳ) are the sensitivities of the dual
of the tangent vectors. To allow for the computation of
the design derivatives in the equation above, certain reg-
ularization assumptions are introduced:

• A particle that lies in the admissible (or inadmissi-
ble) region for the direct problem also lies in the ad-
missible (or inadmissible) region for the sensitivity
problem.

• A point that is in a state of slip (or stick) in the direct
problem is also in the same state in the sensitivity
problem.

As a result of the above assumptions, Eq. (14) gives a
complete description of the sensitivity contact problem.

The quantities
◦

λN ,
◦

λT1
,
◦

λT2
,

◦

τ 1(ȳ),
◦

τ 2(ȳ) and
◦

ν(ȳ) de-
pend on the sensitivities of the closest point projection

[
◦

ξ̄1,
◦

ξ̄2], and the sensitivity of the gap function
◦

g which
in turn depend on the sensitivity of the displacements

◦

x.
The sensitivity of the tangent vector takes the form,

[
◦

τα] = [
◦

τα(ȳ)] = [
◦

ȳ,ξα ] =
◦

ȳ,ξα +ȳ,ξα,ξα

◦

ξ̄α

+ ȳ,ξα,ξβ

◦

ξ̄β (no sum on α, β) (15)

The sensitivity of the dual of the tangent vector can be
obtained from the above by the following expression
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[
◦

τα] = mαβ [
◦

τβ ]+
◦

m
αβ

τβ (16)

where
◦

mαβ denotes the sensitivity of the metric tensor
mαβ = τα

•τβ in the given coordinate system. The sen-
sitivity of the normal vector can be written as,

[
◦

ν̄] = [
◦

ν(ȳ)] =

◦
[

τ1 × τ2

||τ1 × τ2||

]

(17)

The remaining quantities
◦

λN ,
◦

λT1
and

◦

λT2
are computed

by considering the constraints that are used for evaluat-
ing the quantities λN , λT1

and λT2
in the direct defor-

mation problem. Similar to the direct problem,
◦

λN ,
◦

λT1

and
◦

λT2
can be thought of as the Lagrange multipliers

for the sensitivity problem. To enforce the normal con-
tact constraints in the sensitivity problem the following
penalization is used:

◦

λN=
◦

λNn
+εNs

◦

gn+1 (18)

where
◦

λNn
is the normal traction sensitivity calculated

in the previous time step and εNs
is the normal penalty

used in the sensitivity problem to enforce the normal con-
straints. In the developed formulation, the normal penalty
in the sensitivity problem is not of the same value as the
normal penalty in the direct problem. A discussion on
this issue is presented at the end of the subsection. To
enforce the tangential contact constraints for sticking the
following penalization is used:

◦̇

ξ̄α =
1

εTs

◦̇

λTα
(19)

which on integration leads to

◦

λTα
=
◦

λTnα
+εTs

(
◦

ξ̄α −
◦

ξ̄nα
), α = 1, 2 (20)

where
◦

λTnα
and

◦

ξ̄nα
are known from the previous time

step. Similar to the normal penalty, the tangent penalty in
the sensitivity problem εTs

differs from that in the direct

problem. For sliding contact,
◦

λTα
is calculated from the

expression

◦

λTα
=







◦

µλN

λtrial
Tα

||λT ||






, α = 1, 2 (21)

The above term can be written as

◦

λTα
= µ

◦

λN

λtrial
Tα

||λT ||
+µλN

◦

λ
trial

Tα

||λT ||
+µλNλtrial

Tα





◦

1

||λT ||





(22)
An important point to be noted here is the presence of the
term λtrial

Tα
, which is the trial tangent traction calculated

in the radial return mapping scheme in the direct problem,

i.e. the sensitivity of the traction term depends on the trial
traction and not just on the current traction value. The
sensitivity of the trial traction term can be expressed as
follows:

◦

λ
trial

Tα
=
◦

λTnα
+εT (

◦

ξ̄α −
◦

¯ξnα
), α = 1, 2 (23)

After some intensive mathematical manipulations, the
above contact traction sensitivities can be expressed con-
cisely as follows:

◦

λ= ζ1

◦

g +ζ2

◦

ξ̄1 +ζ3

◦

ξ̄2 +ζ4 (24)

The linear relationship between
◦

ξ̄1,
◦

ξ̄2 and
◦

x can be de-
veloped by considering the sensitivity of the expression
(ȳ − x)•τα(ȳ) = 0.

The relationship between
◦

g and
◦

x can be developed by
design differentiation of Eq. (6).
In this subsection, the sensitivity contact problem was
presented in a continuum contact sensitivity setting.
An alternate formulation can be considered where the
design-differentiation of the corresponding discrete equa-
tions used in the augmented Lagrangian analysis in the
direct contact sub-problem is carried out. However,
this interpretation requires that the penalty parameters be
identical in both the direct and sensitivity contact sub-
problems. Such a restriction is unnecessary as it implies
that the magnitude of the penalty parameters in the sensi-
tivity contact analysis is limited by corresponding values
used in the direct contact problem. In the direct contact
problem, to prevent ill-conditioning of the non-linear sys-
tem of equations an augmented Lagrangian approach was
used and thus the penalties were smaller compared to that
of a direct penalty approach. Since the sensitivity prob-
lem is linear, use of larger penalties is possible. Thus to
avoid augmentations to the Lagrange multipliers in the
sensitivity problem, we compute the sensitivities of the
contact tractions in one step by using oversize penalties.

4. Applications: We now proceed to validate the sen-
sitivity algorithm and discuss design applications. In all
the problems structured meshes comprising of 8-noded
brick elements are used. No remeshing operations have
been performed. The kinematics are stabilized using the
F-bar assumed strain method with a stabilization parame-
ter ε = 1e − 3 which is discussed in detail in [2]. The
workpiece material is 1100-Al with initial temperature
of 673K. The constitutive model and material properties
used are identical to those in [4]. In the last example the
workpiece material is assumed to be Fe-2%Si. The con-
stitutive model for this material in given in [5].

4.1 Sensitivity comparisons: To validate the continuum
sensitivity algorithm, we consider the benchmark prob-
lem of flat die forging of a cylinder and compare the sen-
sitivities obtained using the forward difference form of
the finite difference method (FDM) and the continuum
sensitivity method (CSM). The initial height and the ra-
dius of the preform are taken as 3.0 mm and 1.0 mm,
respectively. The forging rate is taken as 0.01 mm/s. The
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stroke is fixed at 1.0 mm, which corresponds to a total
deformation of 33%. The die is assumed to be isother-
mal, while the workpiece is non-isothermal. Using sym-
metry conditions only one-eighth of the domain is used
for computation. A mesh consisting of 750 elements and
1001 nodes was used. Neumann boundary conditions are
assumed at the symmetry planes and convective and ra-
diative boundary conditions are assumed at the free sur-
faces of the preform. The coupling tolerance between the
thermal and the deformation problems is taken as 1e − 4
[4]. The energy and displacement error norms for satis-
fying convergence in the nonlinear iterations in the direct
problem are each taken as 1e − 5, whereas the normal
and tangent penalties for the contact problem are taken as
1e5. The normal and tangent penalties for the sensitivity
contact problem are taken as 1e7. A friction coefficient
of 0.4 is assumed at the die workpiece interface. Using
this problem as the reference state, various sensitivities
are computed.
For computing the shape sensitivities, the curved surface
of the preform is parameterized and constrained such that
it can at the most have an elliptical cross-section. The
semi-major axis a(α) and semi-minor axis b(α) of the
ellipse are each modeled using degree 6 Bézier curves
using the restriction that x′(0) = 0 and y′(0) = 0, (α = 0
corresponds to the mid plane of the cylinder). Thus the
design shape parameters for a shape sensitivity problem
can be defined as
β = {β1, β2, β3, β4, β5, β6, β7, β8, β9, β10, β11, β12}

T

The shape sensitivities are computed with a perturbation
of 1e-4 to β3. The CSM sensitivities are compared with
the FDM sensitivities in Figs. 2-3. As can be observed,
the sensitivities compare extremely well. Since the CSM
involves solution of one nonlinear direct problem and one
linear sensitivity problem for each design variable, it is
relatively much faster than the FDM which requires solv-
ing an additional nonlinear direct problem for each design
variable.

4.2 Extrusion die design for uniform material state:
We consider an extrusion process with a fixed reduction
in cross-section over a fixed length. The objective is to
design the die shape such that the state variable distribu-
tion (isotropic material hardening behavior) at the exit is
as uniform as possible. The extrusion die is defined and
parameterized as follows:

shape(ξ1, ξ2) =






x(ξ1, ξ2) =
∑6

i=0
βi+1Φi(ξ

1)cos(ξ2 π
2
)

y(ξ1, ξ2) =
∑6

i=0
βi+1Φi(ξ

1)sin(ξ2 π
2
)

z(ξ1, ξ2) = ξ1/2

(25)

where Φi(ξ
1) are degree 6 Bernstein polynomials. The

parameters β1 and β7 are taken as 0.5 and 0.43 mm, re-
spectively which results in a 26% reduction in the cross-
sectional area over a length of 0.5 mm. The die curvature
at the entrance and the exit is taken to be perpendicular
to the radius by assuming β1 = β2 and β6 = β7. Only
the parameters β3, β4, β5 are allowed to vary. As a result,
the CSM design problem to be solved involves one di-
rect problem and only 3 sensitivity problems. The initial

billet is a cylinder of radius 0.5 mm and height 2 mm. Us-
ing symmetry only one-fourth of the domain is used. A
mesh consisting of 540 elements and 777 nodes is used in
the analysis. The extrusion process is carried out with a
velocity of 0.01 mm/s and a die-workpiece friction coef-
ficient of 0.01. Other simulation parameters are the same
as in the previous example. Steady state conditions are
reached after a time of 105 s. The objective function for
this problem can be defined as

min
β

F (β) =
N

∑

i=1

wi(si(β) − s̄(β))2 (26)

where wi are the weights and si (i = 1 . . . N) are the
corresponding state variable values at the exit cross sec-
tion (z = 0.5) chosen to carry out the area integration

and s̄ =

∑

N

i=1
wisi

∑

N

i=1
wi

.

The initial guess for the optimization problem is taken as
β3 = 0.4825, β4 = 0.465, β5 = 0.4475 which gives a
linear interpolation of the control points between 0.5 and
0.43. The optimal solution is obtained in 8 iterations. The
objective function is plotted in Fig. 4. The final optimal
design parameters are obtained as β3 = 0.45021, β4 =
0.44412, β5 = 0.44125. The state variable distribution
at the exit for the initial and final iterations are shown in
Figs. 5-6, respectively. As can be seen, a considerable
reduction in the deviation of the state variable at the exit
is achieved by a change in the three design parameters
considered.

4.3 Preform design to fill the die cavity for a porous
material: In this problem, the forging of a circular disc
is considered (Fig. 7). The objective is to design the pre-
form 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%. The constitutive
model for the above material is outlined in [5]. As a re-
sult of the porosity, 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 ensure that the die cavity is filled is to con-
sider 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
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 pre-
form is subjected to a total deformation of 58% (height
reduction from 1.44 mm to 0.6 mm at the center). The
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Figure 2: Comparison of the shape sensitivities using CSM and FDM for the scalar state variable (represents the isotropic material hardening
behavior).
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Figure 3: Comparison of the shape sensitivities using CSM and FDM for the workpiece temperature.
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Figure 4: Normalized objective function variation for the extrusion problem.
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Figure 5: State variable distribution at steady-state for the initial and final optimization iterations.
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 Figure 6: State variable distribution at the exit cross section for the initial and final optimization iterations.
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workpiece is isothermal with a constant temperature of
1273 K. The friction coefficient is assumed to be 0.1. Us-
ing 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 the same as in Exam-
ple 1. The energy and displacement error norms are the
same as in the previous examples. The normal and tan-
gent penalties in the direct problem are taken as 105 and
104, respectively. The normal and tangent penalties in the
sensitivity problem are taken as 107 and 106, respectively.
The forging velocity is taken as 0.01mm/s.
For this optimization problem, the objective function is
defined as follows:

min
β

F (α) =
1

2N

N
∑

i=1

{(xi(β) − xdesired
i )2

+(yi(β) − ydesired
i )2 + (zi(β) − zdesired

i )2} (27)

where xdesired
i , ydesired

i and zdesired
i are the closest point

projections of the points xi(β), yi(β), zi(β) on the
die and N denotes the number of points on the contact
boundary. Thus the objective is to minimize the gap be-
tween the preform and corresponding closest point on the
die.
Figure 7 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 iterations.
The optimal preform shape and the final forged product
are shown in Fig. 8. The volume of the optimum pre-
form is 5.305 mm3, and the volume of the final forged
product is 5.205 mm3. The volume of the die cavity is
5.104 mm3. The objective function for the optimization
problem is plotted in Fig. 9. The state variable (isotropic
scalar resistance), void fraction and plastic strain distri-
bution in the optimal forged product are shown in Fig.
10.
5. Summary and research activities in progress: This
paper presented some early results and theoretical foun-
dations of a 3D metal forming design simulator being de-
veloped at our laboratory. The initial results show great
potential for extension to realistic large-scale 3D applica-
tions. Our current research efforts are concentrated in the
following areas:

• Extension of the design simulator to complicated
multi-stage forgings. The key step in accomplishing
this objective lies in incorporating remeshing and
suitable data transfer schemes which is our current
area of priority. Efforts are also under way to in-
crease the scalability of the design simulator using
the parallel toolbox PetSc [8].

• Development of a multiscale version of the design
simulator employing a polycrystal plasticity based
constitutive model. This involves a novel two length
scale sensitivity analysis for process and materials
design. Initial results were presented in [9].

• We have also initiated efforts to account for un-
certainty in metal forming and large deformation

processes in general. A novel spectral method has
been developed for this purpose in our laboratory
[10]-[12]. Some early results of this work have
been presented in [13] which considers uncertainty
in initial configuration, processing conditions and
heterogeneous material properties. Extensions of
the above to stochastic upscaling of properties from
atomistic and microstructure scales to the macro
scale for a realistic assessment of material behavior
is being actively pursued.

• Using data-mining techniques, we have demon-
strated the ability to select processing information
from databases of microstructural information in
the form of orientation distribution functions [14].
Further, these techniques have been used for mi-
crostructure reconstruction and representation using
databases of microstructures [15, 16]. By combin-
ing multi-scale computational algorithms with ideas
drawn from fields such as databases, machine learn-
ing, statistics, machine vision and parallel comput-
ing, we aim to generate an integrated approach to
knowledge discovery for the design of optimized
materials.
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Figure 7: Initial preform and final forged product for the closed die forging problem (Example 3).

Figure 8: Optimal preform and final forged product for the closed die forging problem.
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Figure 9: Normalized objective function variation for the closed die forging problem.
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 Figure 10: Void fraction, state variable (isotropic scalar resistance) and plastic strain distribution in the optimum forged product.
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