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Abstract. In this work, we present a gradient optimization technique for optimizirfigrdetion processes. The optimization
is based on the continuum sensitivity method (CSM). CSM involves diffextion of the governing field equations of the
direct problem (constitutive, contact and kinematic problems) with tdpethe design variables and development of the
weak forms for the corresponding continuum sensitivity equationspiésent 3D developments involve a novel regularized
approach to the contact sensitivity problem that addresses the nerediffibility of the contact constraints. A relevant 3D
die design problem is considered highlighting the features of the metairfgresign simulator developed.

INTRODUCTION THE DIRECT LARGE DEFORMATION

PROBLEM
Though there has been extensive work by different
groups in simulating the direct problem in forming pro- A review of the direct deformation problem utilized in
cesses, comparatively less attention has been devoted ¢ design simulator is given in [1]-[4]. Let us denote
developing a strategy for solving the design problemsyith By the initial undeformed configuration of the body
that arise in this field. As a result most of the methods forpefore any processing and wi, the configuration
industrial deformation process design are currently fo-gptained at timey, as a result of deformation processing.
cused on trial and error techniques. In this paper, we have The direct problem involves computing the time his-
developed an algorithm for metal forming design basegory of the deformation, temperature, material state and
on a gradient optimization framework. The gradients ofpjastic deformation of a body deforming as a result of
the objective function are calculated using the sengjtivit external forces and/or deformation due to contact and
fields obtained from the finite element implementationfriction at the workpiece-die interface. The deformation
of the continuum sensitivity method (CSM). The contin- problem is sub-divided into kinematic, constitutive, con-
uum equations defining the SenSitiVity fields in the CSMtaCt and thermal Sub-prob|ems_ An updated Lagrangian
are obtained by design-differentiating (i.e. differetitia FEM formulation is used to solve the direct deformation
ing with respect to the design variables) the continuumproblem in a generic forming stage in which material oc-
governing equations of the direct problem. The finite ele-cupying an initial configuratioBy is deformed to obtain
ment form of the CSM is posed by introducing an appro-a final configuratiorBs (t = t¢ ). To compute the material
priate weak form of the continuum sensitivity equationsConﬁguratioan+1 forn=0,1,---,(f — 1), we proceed
and Subsequent finite element discretization and approxn an incremental fashion using the ConﬁguratB{naS
imation. This work is an extension of our previous work the reference configuration. L¥t be a material particle
which was restricted to 2D applications [1]-[5]. Extend- in By and letx = %(X,t) be its location at time. The

ing to 3D applications involves a new continuum sensi-total deformation gradient can be defined as
tivity formulation of the contact problem based on the IK(X.1)

method suggested by Laursen in [6]. The 3D sensitivity F(X,t) = Ook(X,t) = X

contact subproblem is also defined in a fully continuum

setting problem that allows us to accurately compute thén the kinematic framework adopted for large deforma-

sensitivities of the contact tractions as required by the&ijon inelastic analysis including thermal effects, thetot

sensitivity deformation problem. deformation gradient is decomposed into thermal, plastic
and elastic parts as follows:

F =Fn,1=F°FPF® )

@)



where F€ is the elastic deformation gradierft?, the
plastic deformation gradient ar? is the thermal part k(g <0)

of the deformation gradient iB,,;. Using an updated erence Xy = XX, 50,0) o
Lagrangian framework, the total deformation gradient

Fn.1 at timet =ty 1 can be expressed in terms Bf,
at timet =t,, as follows:

Fn+l:Fan (3)

Admissible region

whereF, is the relative deformation gradient. The equi-
librium equation at =ty 1 can be expressed in the ref-
erence configuratioB,, as,

OnPr+f=0 (4)

Inadmissible region K(g > O)
whereld,, denotes the divergence By, and P, denotes

the Piola-Kirchhoff | stress. The solution of the defor-
mation problem in the current processing stage proceeds
incrementally in time starting from the initial configura- FIGURE 1. Schematic of the contact problem.

tion By. In order to solve the equilibrium equation (Eq.

(4)) attimet =t 1, the constitutive relationship between

P, and the relative deformation gradidht and temper- come into contact with the die. The unit normal to the
ature 8 should be evaluated. State variable-based condie is defined such that it always points towards the
stitutive models have been used earlier in our work andadmissible region. We define a gap functigras the
details on the direct and sensitivity constitutive prokdem shortest distance between the die surface and a point in
are not given here as the methodology is identical to thaspace denoted b

used in our earlier 2D work in [1]. In extending the di- y—x=g(X)v(y) (6)

rect deformation problem to 3D, the kinematic and the

thermal sub-problems are also mathematically identicalvherey € 9K is the value off which minimizes the norm

to the developments in the 2D formulation. The contact||x — y||. Using the above definition of the gap function
sub-problem requires a different approach, which is diswe can now define the impenetrability constraints for

cussed in detail in the following subsection. the contact between the die and the workpiece. For all
) ] _ ] Xn € I, With Xn 1 = Xn 4 U(Xn),
Three dimensional implementation of the 9(Xn11) <0
die-workpiece contact and frictional Ay = VA
conditions Ang(Xnsa) = O )

The contact and the friction model implemented is\yhere is the current traction vector defined Brand
based on the implicit approach proposed in [6]. The) is its normal component. Assuming that Coulomb
schematic of the contact model is shown in Fig. 1. Thegriction exists in the contact region with a friction co-

die is assumed to be rigid and its surface is parameterizegﬁicienw' the Coulomb friction law can be written as
in three dimensions using the parametérs- [,&2].  folows:

Any point on the die can be represented W§) =

(ya(€),y2(E),ya(&)), where 0< &1,2 < 1. At each ®:=[Ar]l-pAv <0

point of the die surface, we define a local basis with the Wiy At
tangent and the normal vectors at that point. The tangent T AT
vectors can be defined as follows: y>0
dy1 oy1 dy3 .
Ta=Ysa= a=1,2 =0 8
a=Yer = gea®lt 5ra®t za y® 8)
(5) In the above equatiod T = A1, T? is the tangential

The unit normal at the same point can be defined ag._ i and|A1|| = [Ar,mBYA1 ], wheremBY — TB. 1V
a cross product of the tangent vectors with unit norm., B v

The die surface separates the continuum space into tHa the metric tensory? represents the covariant version
admissible and the inadmissible regions. The redfon of the relative velocitywr between the workpiece and the

along with the boundargK constitute the admissible di€ defined as fOHOWS:d B
region for deformation. We define a regibrwherel" C vr=—[y| = &1, Q)
0B, as the part of the boundary that could potentially dt



where & is the value of parameter associated wyth  (Eq. (4)) att = tn, 1 results in:

A unique value of the parametdr is associated with ° o

eachy. The contact constraints are enforced using an OnPr+ =0, VX €Bp 11)
augmented Lagrangian formulation and the time inte- A variational form for the above sensitivity equilib-
gration of the frictional constraint is achieved by a trial (ium equation can be posed as follows [3];
state/return map algorithm. We introduce the Lagrange '
multipliers An, At, andA+, corresponding to the normal o
and tangential tractions, respectively. The penalty param P; . OnfdVy — / (Pr [OneLn"])-AdVH —
eters in the normal and tangential directions are denoted B .

by ey andéer. The principle of virtual work equation is °

nonlinear and a Newton-Raphson procedure is used t (PanT).Dnﬁ dvh = /{A —[Ln. (N®N)]/\}.ﬁ dA, (12)
incrementally solve for the new configurati@® 1. At g I

every contact iteration, given the new workpiece config- .

uration, the contact constraints are checked for satisfao¥heren is a kinematically admissible sensitivity defor-
tion. If not satisfied, the Lagrange multipliers are updatedmation field expressed over the reference configuration
and the solution proceeds to the next iteration. Bn, N is the unit normal vector t6, and the (known)

design velocity gradierit,, att, is defined as follows:
FORMULATION OF THE CONTINUUM 5 ° 4
SENSITIVITY METHOD FOR A Lo = OnX(n-1,0:B,88) =FnFn™"  (13)
GENERIC EORMING STAGE The primary unknown of Eq. (12) is the design dif-
ferential?ml = ;(thtrH,l; B.AB). In order to obtain the
We now consider the sensitivities with respect to the definal form of the variational sensitivity problem, the re-
sign parameterf of field variables in the current form-
ing stage. Such typical process parameters may includ
the ram speed history, the die surface of the currentg, 1] (c) A and §n+l need to be developed. The re-
stage, and others. An updated Lagrangian representati
is adopted here. Let us consider a generic fieldhe pa-

(o) [¢]
Iézltionships between (&, and ?(n+1 (b) P, and Do(n+1
° o

n,. . o ) . _
qatlonsmp betweer, and ?(n“ is purely kinematic in
[0

[e]
nature. The relationship betweéh and ﬁ)(nﬂ, On.1] is

ey o o . .
rameter sensitivitp= d(x»,1; B) is defined as the total obtained from the sensitivity constitutive problem. The
[e]

Gateaux differential ofp = ®(x,,t; B) in the direction R
AB computed ap: relationship betweeA andx,;1 is obtained from a reg-

5 d -~ ularized sensitivity contact problem outlined in the next
(X, t;B,AB) = ~P(X,t; B+ wAB)|w-0, € [tntni1] subsection.

(10) _ : o
Extension of these definitions to shape sensitivities (e.g.  Three-dimensional sensitivity contact
sensitivities with respect to the preform shape) is de- problem

scribed in detail in [1].
The developed sensitivity scheme proceeds as follows. The sensitivity contact problem involves computing

The governing equations of the various sub-problems inhe sensitivities of the contact traction vector which can
the direct analysis (e.g. the kinematic, constitutive,-con pe written as

tact and thermal analysis) are first design-differentiated o _° 5 °

and then appropriate weak forms, time integration and A=An V(¥) +An V(Y) — AT, T (y) —Ar, TX(Y)
discretization are introduced. The resulting linear sen- o _ o

sitivity sub-problems are combined to produce a linear — A1, T2(Y) - An, T2(Y)  (14)
problem for computing the sensitivity of the deforma-
tion, plastic deformation gradient and material state. A = = N
unified weak form is developed here to compute sensitiv-Wherer1® and T2(y) are the sensitivities of the con-

ities with respect to any design parameter (which mayb travariant components of the tangent vectors. To allow
P Ny gnp YO%or the computation of the design derivatives in the equa-
a scalar or a vector field).

; L . tion above, certain regularization assumptions are intro-
A weak form for the linear sensitivity analysis of a

. . . . S duced:
generic forming stage is identified by considering the
sensitivity of the equilibrium equations and boundary - A particle that lies in the admissible (or inadmissi-
conditions at the continuum level. The sensitivity defor- ble) region for the direct problem also lies in the ad-
mation problem is developed on the reference preform missible (or inadmissible) region for the sensitivity
B,. The design sensitivity of the equilibrium equation problem.

[} e}



- A point thatis in a state of slip (or stick) in the direct which on integration leads to
problem is also in the same state in the sensitivity ° o
problem. ATa= /\Tna +er,(&a fn ), a=12 (20)

As a result of the above assumptions, Eq. (14) gives a e

complete descrlptlon of the sensmwty contact problem. here)\Tn and¢,,, are known from the previous time
o step. Similar to the normal penalty, the tangent penalty in

The quantltlesaN )\Tl, Asz Ti(y), 12(‘) and v(_) de- the sensitivity problengr, differs from that in the direct

o
pgndoon the sensitivities of the closest point prOJectlonpromem_ For sliding contachr, is calculated from the

[£1,£2], and the sensitivity of the gap functighwhich ~ €xPression .

in turn depend on the sensitivity of the displacemé)ms o Alrial
The sensitivity of the covariant form of the tangent vector AT,= | UAN % , a=12 (21)
takes the form, ATl

o o o 5 B o The above term can be expressed as
[Ta]l=[Ta(Y)] = Yol =Yea +Yeasa i

trial o
trial °

B o o o Af AT,
+ Ygags & (nosumon a, B{15) )\Ta:“)\NHA ||+I1)\NH/\ ||+IMN A ik

The contravariant form of the sensitivity of the tangent (22)
vector can be obtained from the above by the following An important point to be noted here is the presence
expression of the term)\"'a‘, which is the trial tangent traction

— aBo , 0P calculated in the radial return mapping scheme in the
(1] =mP[Tp]+m  1p (16)  direct problem, i.e. the sensitivity of the traction term
depends on the trial traction and not just on the current
Wherem“ﬁ denotes the sensitivity of the metric tensor traction value. The sensitivity of the trial traction term
m?# = 19,18 in the given coordinate system. The sensi-can be expressed as follows:
tivity of the normal vector can be written as,

o otrial ¢ o o
o © T1 X T> A, =ATy, ter(éa —&ng), a=12 (23)
V= =| | ) P e o
T2 x T2| After some intensive mathematical manipulations, the

o o o o above contact traction sensitivities can be expressed con-
The remaining quantitiegn, A, and A, are com- cisely as follows:

puted by considering the constraints that are used for o o o
evaluating the quantitiely, Ar, andAr, in the direct de- A ={,94¢,8+438% 4, (24)

)
formation problem. Similar to the direct problemy, o o o
The linear relationship betwedft, £2 andx can be de-

(o) [¢]
d be thought of as the L Iti
At andAr, can be tought of as the Lagrange mult- veloped by considering the sensitivity of the expression

pliers for the sensitivity problem. To enforce the normal 0
contact constraints in the sensitivity problem the follow- (Y=%)Ta(y) =

ing penalization is used: The relationship betweelglandij( can be developed by
0 design differentiation of Eq. (6).
AN=AN, +&Ns Oni (18) In this subsection, the sensitivity contact problem

was presented in a continuum contact sensitivity set-
ting. An alternate formulation can be considered where
the design-differentiation of the corresponding discrete
) . equations used in the augmented Lagrangian analysis in
constra|_nts. In the_ _d_eveloped fqrmulatlon, the normalthe direct contact sub-problem is carried out. However,
penalty in the sensmwty problgm is nat of the same Val_uethis interpretation requires that the penalty parameters b
as the normal penalty in the direct problem. A discussio dentical in both the direct and sensitivity contact sub-

onfthls 'Stﬁui IS pre?e?ted f‘t tthe encti O.f tthef subtse;tlorlh ﬁroblems. Such a restriction is unnecessary as it implies
enforce he langential contact constraints Tor SUCKIg th . »; the magnitude of the penalty parameters in the sen-

following penallzat|on is used: sitivity contact analysis is limited by corresponding val-
o 1 ° 19 ues used in the direct contact problem. In the direct con-
{a = _’\Ta (19) tact problem, to prevent ill-conditioning of the non-limea

o
where A, is the normal traction sensitivity calculated
in the previous time step argl,, is the normal penalty
used in the sensitivity problem to enforce the normal



Senst State (FDM)

5 E

system of equations an augmented Lagrangian approgaess
was used and thus the penalties were smaller compal

to that of a direct penalty approach. Since the sensitivi
problem is linear, use of larger penalties is possible. Th
to avoid augmentations to the Lagrange multipliersin t

APPLICATIONS FIGURE 2. Comparison of the shape sensitivities using CSM and
FDM for the scalar state variable (represents the isotrapaterial

We now proceed to validate the sensitivity algorithm andhardening behavior).
discuss design applications. In all the problems str -~

tured meshes comprising of 8-noded brick elements
used. No remeshing operations have been perforr
The kinematics are stabilized using the F-bar assu
strain method with a stabilization parameter 1le— 3

which is discussed in detail in [2]. The workpiece n
terial is 1100-Al with initial temperature of 673K. Th
constitutive model and material properties used are ic
tical to those in [4].

Senst Temp (CSM)
0.0001
2.5E-05
-5E-05
-0.000125
-0.0002

Senst Temp (FDM)
0.0001
25E-05

-SE-05
-0.000125
-0.0002

FIGURE 3. Comparison of the shape sensitivities using CSM and
FDM for the workpiece temperature.

Sensitivity comparisons

To validate the continuum sensitivity algorithm, we
consider the benchmark problem of flat die forging of ay/(0) = 0, (@ = 0 corresponds to the mid plane of the

cylinder and compare the sensitivities obtained using th%ylinder). Thus the design shape parameters for a shape
forward difference form of the finite difference method sensitivity problem can be defined as

(FDM) and the continuum sensitivity method (CSM). - g — (5, B, Bs. s, Bs. Bs. Br. Bo. fo. Bro. Bua. Prz}

The initial height and the radius of the preform are takenthe shape sensitivities are computed with a perturbation
as 3.0 mm and 1.0 mm, respect.|velly. The forging rate I%f 1e-4 toBs. The CSM sensitivities are compared with
taken as 0.01 mm/s. The stroke is fixed at 1.0 mm, whiche Fp\ sensitivities in Figs. 2-3. As can be observed,
corresponds to a total deformation of 33%. The die isye sensitivities compare extremely well. Since the CSM
assumed to be isothermal, while the workpiece is nonjnylves solution of one nonlinear direct problem and
isothermal. Using symmetry conditions only one-eighthyne Jinear sensitivity problem for each design variable
of the domain is used for computation. A mesh consisty; s relatively much faster than the FDM which requires

ing of 750 elements and 1001 nodes was used. Neumaniy,|ying an additional nonlinear direct problem for each
boundary conditions are assumed at the symmetry plan%sign variable.

and convective and radiative boundary conditions are as-

sumed at the free surfaces of the preform. The coupling Extrusion die design for uniform material
tolerance between the thermal and the deformation prob- state

lems is taken asel- 4 [4]. The energy and displacement
error norms for satisfying convergence in the nonlinear
iterations in the direct problem are each takenes 4,
whereas the normal and tangent penalties for the conta
problem are taken a€4. The normal and tangent penal-

We consider an extrusion process with a fixed reduc-
tion in cross-section over a fixed length. The objective is
% design the die shape such that the state variable distri-

ties for the sensitivity contact problem are taken es. 1 _but|on (|§otrop|c mater!al hardening be_h aV|o_r) at the _eX|t
is as uniform as possible. The extrusion die is defined

A friction coefficient of 04 is assumed at the die work- : .
. . . . and parameterized as follows:
piece interface. Using this problem as the reference state,

various sensitivities are computed.

1 g2\ _ <6 ) (gl 2
For computing the shape sensitivities, the curved sur- 1 e X(El’ Ez) = ZE=OB'+1¢'(51)CPS(52 7?)
face of the preform is parameterized and constrained@Pe(é " ¢%) = Y(flvfz) = Zi:oBiJrl‘Di(f )sin(§<7)
such that it can at the most have an elliptical cross- 25,89 =¢&7/2

section. The semi-major ax&a) and semi-minor axis (25)

b(a) of the ellipse are each modeled using degree gvhere®;(¢) are degree 6 Bemnstein polynomials. The
Bézier curves using the restriction the{0) = 0 and  Parameterg; and3; are taken as.8 and 043 mm, re-
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FIGURE 4. Normalized objective function variation for the extru- FIGURE 5. State variable distribution at steady-state for the ihitia
sion problem. and final optimization iterations.

State Var (MPa)

State Var (MPa)
373
37.3

spectively which results in a 26% reduction in the cro
sectional area over a length a60mm. The die curvature
at the entrance and the exit is taken to be perpendic
to the radius by assuming, = 3, and s = [37. Only
the parametergs, B4, Bs are allowed to vary. As a result,
the CSM design problem to be solved involves one dir
problem and only 3 sensitivity problems. The initial bil-
letis a cylinder of radius.® mm and height 2 mm. Using FIGURE 6. State variable distribution at the exit cross section for
symmetry only one-fourth of the domain is used. A meshthe initial and final optimization iterations.
consisting of 540 elements and 777 nodes is used in the
analysis. The extrusion process is carried out with a ve-
locity of 0.01 mm/s and a die-workpiece friction coeffi- Air Force Office of Scientific Research (grants F49620-
cient of Q01. Other simulation parameters are the samd0-1-0373 and FA9550-04-1-0070). The computing for
as in the previous example. Steady state conditions aréis project was supported by the Cornell Theory Center.
reached after a time of 105 s. The objective function for
this problem can be defined as
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