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Abstract. Design of deformation (thermo-mechanical) processes to achiewediatructural response will be addressed.
Plastic deformation is assumed to be accommodated through crystaliagséip and reorientation of crystals. Conventional
methodologies towards polycrystal plasticity use an aggregate of singialsrand this choice of the aggregate affects the
response of the polycrystal. In order to address this issue, a contiappmach will be presented for the representation
of polycrystals through an orientation distribution function over the orientaggace. In addition, conventional polycrystal
plasticity models do not consider strain rate and temperature effects oneittganical response of a crystal. In this effort,
a constitutive framework for thermo-elastic-viscoplastic response wildescribed along with a coupled macro-micro,
fully implicit algorithm [1]. Numerical examples that highlight the benefitstioé proposed approach will be detailed.
Design/control problems, relevant to industry, and involving microsiinecsensitive-design of processes will be addressed.
A novel, coupled macro-micro continuum sensitivity analysis [2] has lbeeeloped for the thermo-mechanical deformation
process and is used in a gradient based optimization framework [8]d@$ign problems are posed as optimization problems
with design variables chosen to characterize macro-scale defornibti@ugh these complex examples, we aim to show that
accurate modeling and control of microstructure-sensitive mategpbrese is indeed feasible.

1. INTRODUCTION ture being represented as a design variable using spec-

The use of computer technology for simulation of defor-ra met_hods [5]. Th_e con_centrat!on Of this paper is on
g«taveloplng a material point design simulator that can

mation processes has increased substantially over the Iab q | q q il ‘
30 years. One of the major developments during this pe® e used to control texture-dependent material properties.

riod has been the modeling of behavior of crystalline ma-1 "iS ¢an be considered as the first step towards the de-

terials using coupled length scale models. Even thougl‘{eIOpment of a multi-sca_le virtual environment where it
most materials are crystalline, many approaches to thi/0uld be possible to design the process sequence and the
design of deformation processes of polycrystal materialdN3CrOSCOPIC Process par_a_meters N ‘?fd‘?r to obtain de-
assume the material to be isotropic using modeling angired microstructure-sensitive properties in the product
control algorithms that are based on phenomenological

microstructure evolution constitutive models [4]. How-

ever, most process design applications are quite sensitive2, CONTINUUM MICROSTRUCTURE

to t_he_ an@sotropy of these_crystalline materials. Process REPRESENTATION

optimization is especially important for hardware com-

ponents in critical applications in the aerospace, navaf\nisotropy is primarily due to the crystallographic tex-
and automotive industries where there is a permanerftre, which can be defined as a preferred orientation of
need to reduce material utilization for reduced proces$he crystals in a particular direction. The state of art in
cost, fuel consumption and higher mobility. In addition, Simulation of texture evolution is based on the analysis of
such critical components require performance specifica@ discrete aggregate of crystals [6]. This approach com-
tions that are directly related to the microstructure ob-bines single crystal responses with a macro-micro link-
tained during processing. This calls for a direct couplinging hypothesis. Recent work in the field of texture anal-
between material microstructural features and the perysis and modeling has concentrated on representation of
formance required from the application for which the texture evolution by an orientation distribution function
material will be used. Very little attention has been de-(ODF). The ODF represents the probability density of
voted to controlling texture to obtain desired microstruc-finding a crystal orientation within the three-dimensional
tural properties. The only notable work is on the designorientation space. A finite element representation of the
of a compliant fixed guided beam with the microstruc- ODF using angle-axis parametrization has been used.



P 3. SOLVING THE DIRECT
DEFORMATION PROBLEM

The direct deformation problem can be stated as follows:
Compute the time history of deformation, temperature
and material state of a workpiece made of a polycrystal
material deforming as a result of external forces and/or
deformation due to contact and friction at the workpiece-
die interface. Let%, be the initial configuration of the
body (at timet = 0) and %1 the current configuration

at timet. The total deformation gradient is then defined

DN s F(X,t) =00 @(X,t) = 0—“3%&, detF > 0, where
gz, (Q represents the deformation map fra#y to %n.1

(Fig. 2). Furthermore, using the extended Taylor assump-
tion, the deformation gradient on a crystal is equal to the

macroscopic deformation gradient. The average response
of a polycrystal is obtained by computing a weighted

average of the single crystal response over the funda-
Angle-axis representations define an alternative way of"€ntal region (Equation (3)). Thus the constitutive prob-
representing texture compared to the use of Euler angle:M S solved at each point of the reference fundamen-
Any orientation can be uniquely represented by a rotatior}& '€gion. A total Lagrangian framework is adopted in
about an axis (represented by a unit vector n) by an angléh's _effort. The equilibrium equation can be expressed
More details about these representations can be obtaindd this framework aslo. (P) + f = 0, wherelo. repre-
from [7, 8]. Texture, from [7], can be described as a ma sents the divergence on the reference cpnflguratlon. The
that takes individual crystalp, to orientations within the  Polycrystal average of the PK-I stress is computed as,
fundamental region. The orientation of a crystis then  (7) = detF(T)F " where(T) is the polycrystal Cauchy
developed as = x(p), wherey is the texture map. A _stress. Thg V\_/eak form of t_hls ezquatlon, f_or any kinemat-
graphical representation of this framework is shown inically admissible test function, tan be written:
Fig. 1. The microstructure is thus treated as a continuum

FIGURE 1. A framework for the association of a crystal
with unique parameters drawn from the fundamental region.

of crystals, that under the mapoccupies the fundamen- % (Un+1,0) = / (P)elplidV — [ A.GdA —
tal region,#Z. The reorientation vector,is§ integral to this 7 %o 9%

analysis and is defined in [7]. The reorientation velocity / f.Oplidv = 0 4)
can be evaluated as: %o

where the applied surface tractidn and body forces

f are given. We make a simplifying assumption that
where w represents the spin vector, defined @s— the con.tact problem is independent of the nature of the
Vect(RRT) = vect(Q). The Lagrangian version of the underlying microstructure, and that texture plays a role

v:%(w+(o)-r)r+wxr) (1)

ODF conservation equation is [7]: only through the stress response. Tp solve this non-Iingar
R R equation, a Newton-Raphson iterative scheme along with
2 (s,t) I(sit) = /(s,0) = () (2) aline search procedure is employed. A linearization is
- necessary as part of this solution process and [1, 9]
where J(s;t) = det(0f(st)), #/(st) is Lagrangian clearly outline the linearization process for the constitu

description of the ODF (at a reference orientatipand  tive and contact sub-problems respectively. The solution
“/o(s) is the initial texturing of the material. Consider a of the thermal problem is described in [10].

polycrystal average of an orientation dependent property,

Y{(r,t), that is determined as:
4. CRYSTAL CONSTITUTIVE MODEL

% :/Y(r’t)ﬂ(nt)dvz /Y(r‘(sﬂ),t)%(s)dvo (3) During a deformation process, crystallographic slip and
Y Ro reorientation of crystals are assumed to be the primary
. ) mechanisms of plastic deformation. At absolute zero, the
Thu§ frorr_1 Equation (:.-3)_, one can conclude that if theS"p resistances? (0), of slip systema has to be com-
reorientation and the initial texturing are known, then pletely overcome by the resolved stres, (defined in
the average property for the polycrystal is also known.r1}) At temperatures- OK, short-range obstacles can be

The interested reader is referred to [8] for a detailedyyercome at a lower stress level with the help of the addi-
description of the advantages of these methods.



Fyel corresponding conjugate stress measure is defined as

T = detFe(F®)IT(F®) T @)

, Lo whereT is the Cauchy stress for the crystal. The consti-
e Burs tutive relation for small temperature changes about the
N initial temperaturefy, is given as

T = 2°[E° - A0 6p)] (8)

By - B where.#¢ is the fourth-order anisotropic elasticity tensor
: andA is the second-order anisotropic thermal expansion
tensor. Further, the resolved shear stress and slip system
5 resistance are consideredsls=s3 +; 1" = |17 —
7 Buns s% where the subscriptsandat denote the thermal and
athermal parts, respectivelf’, the resolved shear stress,

is computed a3 e §j. The shearing rate is given by the
FIGURE 2. Evolution of various material configurations for power law:
a single crystal as needed in the integration of the constitutive
model. Heram denotes the slip direction amddenotes the slip { 0,77 <0

normal, which together define the slip systems and are assumedy” =< . AGY )\ o p a (
to be known on the reference (initial) configuration. Further, the Yooxp { " kef } Sign(t?), 0< 1 <
where, the activation enthalpy is given ByGY =

Schmid tensor is evaluated 8§ = m®n.

AFY [1 — {g; P q. Furthermore, the slip system resis-
t!onal thermal energy. Obstacles can therefore be Classtanceﬁ ands® evolve with deformation as
fied as thermal and athermal [11]. In metals without large
precipitates, since it is known that the thermal energy is [ z h05|yl3| (10)
sufficient to overcome short range barriers, the constitu- B
tive formulations are expressed in terms of the thermal
part of the resolved shear stress and the thermal part oFith h? defined in [1, 11]. Special conditions for f.c.c
the shearing resistance. Such a formulation is detailed ignd b.c.c materials and the procedure for the evalua-
[1] and forms the basis of the present study. The total detion of the resolved shear stres§ and the slip sys-
formation gradient is decomposed into plastic and elastiéem resistance” are also discussed in [1]. In addition,

parts as (Fig. 2F = FeFP whereF€ andFP are the elas- @ = vect(Q) is evaluated fromyIn (Rq;1R! ), andRis
tic and plastic deformation gradients, with B8t = 1. evaluated from the polar decomposition of the elastic de-

The evolution of the plastic flow is given by formation gradient a6 = RU®. To conclude this sec-
) . _ tion, the average Cauchy stress is evaluated as
FRFP) L = 3 /7S (5)
a

9)

T = [TEED.DaEN @
where§] = mf @nf is the Schmid tensor ang” o
is the plastic shearing rate on té" slip system. Fig.
2 clearly describes the constitutive problem along with
the slip systems in different configurations. An Euler- 5. DEFINITION OF PARAMETER
backward time integration procedure leads to the fol-
lowing approximationFP = exp(At 5 4 V¥ S§)FR ~ (I + SENSITIVITY
Ats o VSS)FR. Simple manipulation of this equation, The design framework adopted here is based on a gra-
along with a Green elastic strain measure (defined on thdient optimization method. To calculate the gradients,

relaxed configuration®), results in the following: the sensitivity of material properties with respect to
macro-design variables needs to be evaluated. The pro-
E®— 1 ([:eTFe _ |) =Egig — cess of evaluating the sensitivities of fields on the micro-

A scale due to perturbations on the macro-scale is shown
N T T T schematically in Fig. 3. This requires a macro-sensitivit
= Fe. YTEe 1+ (F&. _)TFe. 6 y g.s. req y
2 ;ya ((86)"(Fitia) Firia + (Firia) Firia S5 (6) problem where the interest is to compute how perturba-
— 1 _ _ tions on the macro-design variablBsaffect the contin-
whereEq iy = 5 (F&4)TFEiy — 1) andFg,, isthetrial  yum fields including the deformation and velocity gra-
elastic deformation gradient given &g 1(FR)~1. The dients,F, L respectively. The macro-sensitivity problem



iacro sensitvy probient icro sensitty probem civen by the tact equatlon_s are derived from t_helr corr_espopdlng con-
driven by perturbation to the macro-design varigbl® sensitivity of the velocity gradient tinuum equat|0ns rather than their nume”ca“y |nteg rated
1 I counterparts. Described below is the analysis for a total
: Lagrangian formulation with emphasis on the constitu-
tive aspects of the problem. For completeness, we briefly
B, [FE K : 5 review the kinematic sensitivity problem. The deforma-
i Polycrystal ~E tion sensitivity problem is developed on the reference
=i A configurationZo. The deS|gn differentiation of the equi-

x =x(X, t; p)

B!

n+1 1

librium results indg. < P) + f—O VX €%, Vte[0t],

where(P) is the polycrystal averaged PK-| stress defined
X+ %= X0, € 4 ) X earlier. A variational form for the sensitivity equilibriu

L+l =L peap) 1YY =YLy equation (for parameter sensitivity) can be posed as fol-

r — orientation parameter
lows: Evaluate= ?((X,t;B,AB) such that

n+l

FIGURE 3. Pictorial of the two-length scale sensitivity anal- o e
ysis. On the left, the macro-sensitivity problem computes the / (P) .OofdVp = / A .f dAg (13)
sensitivities of continuum fields (e.g. of the deformation gra-

dient) with respect to macro-design variables. On the right,
the micro-sensitivity problem computes the sensitivity of the
material properties related to the ODF.

By 0%

for everyij, a kinematically admissible sensitivity defor-
mation field expressed over the reference configuration
Ao. In order to solve the weak form defined by equation

[e) o
is examined in [3, 4, 7] and the reader is encouragecEquation (13), relationships between Ea}andi(b)( P)
to consult these references for more details. Parameter
sensitivity of a generic field expressed in a total La- and [F 9] and (C)’\ andxneed to be developed. The rela-
grangian (TL) framework is briefly described. Detailed tionship betweerPF andx is purely kinematic and the re-
information can be obtained from [3]. Sensitivities of
the deformation or material state are quantitative mea-
sures of changes in the deformation and material stat
as a result of infinitesimal perturbations to process pa-
rametersB (parameter sensitivity). The dependence of °© ° o
the TL field onf3 can be expressed &&= Y(X,r.t;8), (Pr=#[F]+Co +G (14)
whereX is on the reference configuration, ands the  \here % is a fourth order tensor an@,G are second
current crystal orientation. Thus the parameter sensitivprder tensors. These tensors, are constants, defined from

ity Y Y(X r,t;B,AB) is defined as the total Gateaux known direct and sensitivity fields at the previous time

differential of Y = Y(ervtrB) in the directionAB com- step, and are obtained by considering the polycrystal av-
puted atB erage of each crystal response (see section 7). The rela-

lationship betweemP> and [F 9] is obtained from the
sensitivity constitutive problem to be discussed in sectio
G and takes the form:

o
tionship between andx is obtained from the sensitivity

d o
(X,r,t,B AB) = oy Y(X,r,t;B+ADB) (12)  contact problem ad= H[X +d, whereH is a second
A= order tensor and a vector. The non-trivial derivation of
these tensors resulting by design-differentiation of a reg
ularized contact problem can be found in [9].
6. DEFORMATION SENSITIVITY

PROBLEM 7. SENSITIVITY CONSTITUTIVE

The salient feature of this work is that equations govern- PROBLEM
ing the sensitivity fields are computed at the continuu
level. The equilibrium equation is considered and ‘de
sign differentiated’. This continuum, differential, sens the relatlonshlp between the polycrystal average and
tivity equilibrium equation is then posed in a weak form
so as to establish a principle of virtual work like equation
for the calculation of the sensitivity of deformation fields computes the SG{T $ 1 Fe Fp} for each crystal
[10]. Consistent with this mode of analysis, the sensitiv-orientation at the end of the time mcrememl where

Ity constitutive, sensmwty thermal and sen5|t|V|ty CON the senS|t|V|ty of the total deformation gradlml and

rnThrough the crystal constitutive sensitivity sub- probjem

[F 9] is computed As part of the update procedure, one



(¢} [0}
the sensitivity of the temperature fiefg. 1 are assumed The evolution equation fdf P is evaluated as:

known. The polycrystal average of the sensitiwﬁ%fnech
of the mechanical dissipatio#ech iS also computed as
being a driving force for the thermal sensitivity problem ot

at timety 1 (refer to [1, 2]). The solution of the direct o

thermo-mechanical problem is known at tie;, the ~WhereL? = 5, [Va %} can be computed as,
body configuratiorg,, 1 as well as the temperature field

(¢]
dFP o
Z— —LPFP4+LPFP (18)

6.1 are known at, ;. The constitutive sensitivity prob- = oy 9 yOr yOr
lem for a crystal orientation is history dependent and the L= Z Erd T + s + 0| (19)
solution of the sensitivity problem at timgis assumed

known for each crystal orientation, yielding the variablesEuler-backward integration of Equatlon (18), with Equa-

{T, S, r, Fe, Fp} at the beginning of each time incre- ;“(\)/3?1517) (19) and the definition afreslts in the fol-

ment. This methodology follows and uses ideas from ear’
lier publications like [3, 4, 10], and the reader is referred ° D \-1 [ o
to these for additional details not available in this devel- Fi+i(ft1) ™" = E + 7| Tnia| + GOni1 (20)

opment. It was also shown that the deformation sensi-
tivity response is dependent onIy on the instantaneou¥/nereE, Gare constant second tensors ands a fourth

temperature Sensm\”ty responeml_ tensor. Furthermoré’n+1 is related td:n_»,_]_ and6n+1 as:
T_ (‘we) [E®] o +.7° [Sym(FeT Foeﬂ (21)
7.1. Calculation of allnear relation between -\ 96

sand [Tn+1, 9n+1] where ¢, the fourth-order anisotropic elasticity ten-
sor, is assumed to be a function of temperature only.

Consider the design-differentiation of the evolution Using Equations (20) and (21), one can further obtain
(e)

equation for the deformation resistance, Euler- o _
backward integration results in: FR.1(RP 1)t as a function oF§, ;.
—Ath“B oFf an = %a + 7.3. Calculation of the linear relatlon

. , between F 1 and [Fn+1, 9n+1]
At Z qaﬁ% %ﬁﬂ + At zqaﬁ% §n+1(15) Starting from the multiplicative ciecom%osnmn of the
deformation gradient, one can wrilt'e1+1:F,?+1Fr’f+l +

Rearranging the above set of equations results in: FS.s |:Og+1, which can then be simplified to [10],
Sn+l zmaB T + 07 o + 73 (16)  (Fhy1) (Fn+l Fn+1> Fri= (Fn+l) Fn+l+ Ff&l( n+1)71

(22)

wherem?®, uf andug are constants. It s further known Substitution of the linear relationship betwelgml and

thatt? :Ol;r%g design-differentiation of this relation re- [ e 6n+1] results in the desired linear relationship:

sults inT =T .Sj. Substituting this relation into Equa- o o o o

tion (16) results in the following: Fir1 =% (Vni1) [Fm} +H (Vn+1,vn) +M (Vni1) Oni1
(23)

o
{osnﬂ} = {E} T + {v1} 8 +{vz} (17)  whereH andM are known second order te_nsor functions
Dt and ¥, a known fourth order tensor function. The rela-

0] [e] o
where[D5] is a 39 order tensor and, u; are vectors.  tionship betweei .1 and|Fn;1, 6n:1] is [10]

. Fe FE) ) o
7.2. Calculatlonofallnear relation between T - _ ( T4 L Fefper

detF® detF€
FR+1 and [Tn+l’ QnJrl] et(F®) etF®)

1 — o
FeT FeT FeTF®  (24)

1
detFe) * detFe)




(e)
Substitution of the linear relation betwedtf, ; and
O [¢]
[Fni1, Ont1] in Equation (24), results in a linear relation

(e) [}
betweenT .1 and[Fp;1, 5n+1].

The previous sub-sections dealt with finding relations
between different sensitivity terms for a given crystat ori
entation. This analysis has to be performed at all possi
ble orientations to compute the polycrystal average. Con
sider, for example, the sensitivity of PK-1 stress:

o} o o}
Py = tr <F F—1> defF (T)F T +deF (T)F T
ol
—deF(T)F~TF F~(25)
where(T)= f T afodv andT is described by the rela-

tions developed earlier. From these equations, one can
generate the constants in Equation (14) and use this in
the solution of the sensitivity kinematic problem.

8. NUMERICAL RESULTS

As a first step in investigating the accuracy and poten-
tial of the developed multi-length scale methodology, we
address here a sample design problem referring to a ma-
terial point. Consider a specimen made ofd8¥% pure

wamn Desired response

Converged solution

8

Equivalent stress (MPa)
N
B

FIGURE 4. The different stress responses obtained at inter-
mediate solutions of the ontimization nroblem.

Objective funclion‘SMPag
poeeye K N @
8 8 5 8 g8 3 8
S 8 8 8 8 8 8
T T

5
8
T

o
T

3 4 5
Iteration index

polycrystalline f.c.c aluminum. The material properties FIGURE 5. Variation of the objective function with opti-
for f.c.c aluminum are specified in [1]. The present de-Mization iterations for the optimization problem.

sign simulator, which is a material point simulator, is
used to identify the applied strain rate on a universal
material testing machine when given test data that are
stresses at particular test times. The objective function
for the gradient optimization problem is stated as fol-~
lows: 2

1Y%
min7 (y) = NS_;(O?(V))_

O.ided red ) 2 (26)

whereNs is the number of sampling points, aodes"s
is the stress response at different times obtained by a
tension process with a strain rate aDD. The initial 5.

guess strain rate is taken as 0. The stress responses at

various intermediate solutions are shown in Fig. 4. The
progress of the optimization problem is described by
the objective function in Fig. 5. The converged solution 7,
corresponded to a strain rate 069E — 03.
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