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Abstract

The aim of this paper is to improve the shape of specimens for biaxial experiments with respect to optimal stress states,
characterized by the stress triaxiality. Gradient-based optimization strategies are used to achieve this goal. Thus, it is crucial
to know how the stress state changes if the geometric shape of the specimen is varied. The design sensitivity analysis
(DSA) of the stress triaxiality is performed using a variational approach based on an enhanced kinematic concept that
offers a rigorous separation of structural and physical quantities. In the present case of elastoplastic material behavior, the
deformation history has to be taken into account for the structural analysis as well as for the determination of response
sensitivities. The presented method is flexible in terms of the choice of design variables. In a first step, the approach is used to
identify material parameters. Thus, material parameters are chosen as design variables. Subsequently, the design parameters
are chosen as geometric quantities so as to optimize the specimen shape with the aim to obtain a preferably homogeneous
stress triaxiality distribution in the relevant cross section of the specimen.

Keywords Specimen shape optimization - Plasticity - Variational sensitivity analysis - Parameter identification

1 Introduction

In biaxial tests the stress state can be characterized by the
stress triaxiality n defined by

pom_ b "
Oeq 3+/3L2(deve)’
with the mean stress oy, = %11 (o) and the equivalent

von Mises stress 0eq = +/3 J2(deve). The stress triaxiality
classifies the stress state to be tensile if n > 0, compressive
if n < 0, or pure shear if = 0. New specimens for biaxial
tests have been developed in Gerke et al. (2017), which
widen the range of stress triaxiality compared to traditional
specimens. This is crucial to distinguish between different
micro-mechanical damage mechanisms that are responsible
for material failure. With the new specimens, it is possible
to capture various damage mechanisms with only one
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type of specimen by varying the loading conditions. These
specimens shall be used to identify material parameters
for complex damage models. Thus, it is important to be
able to separate different damage mechanisms. In Gerke
et al. (2019), special attention is drawn to the so-called
X0-specimen, which is also subject of investigation in this
paper. The optimization goal is to further improve the shape
of the chosen X0-specimen so as to achieve a preferably
homogeneous stress triaxiality distribution in the area the
specimen is predicted to fail. With this at hand, a parameter
identification for special damage models that are to capture
different damage mechanisms will be easier and more
accurate.

For design optimization, gradient-based methods are
utilized. The gradient information is determined by means
of a variational approach proposed in Barthold (2002);
Barthold (2008); Barthold et al. (2016); Barthold and
Stein (1996). It is based on an enhanced kinematic
concept that offers a rigorous separation of structural and
physical quantities and provides exact gradient information
efficiently with moderate effort. Additionally, it allows
simultaneous computation of stress states and sensitivities
within a finite element framework. Thus, the proposed
approach is distinct from other variational techniques but
can be linked to well-known methods such as the Material
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Derivative Approach, cf. e.g. Zolésio (1981) and the
Domain Parametrization Approach, cf. e.g. Phelan and
Haber (1989). A detailed comparison of the mentioned
approaches is beyond the scope of this paper.

In contrast to a purely elastic mechanical response,
here the deformation history deserves special attention
in structural as well as sensitivity analysis. Numerous
researchers investigated the theoretical and computation
details which are linked to pioneering contributions such
as Michaleris et al. (1994). In our research, we follow
the preparatory work published in Wiechmann (2000).
The shape optimization of specimens has already been
treated in literature, and a few contributions are highlighted.
The reduction of stress concentration in the transition
zone between a straight-sided zone and a wider end zone
has been discussed in, e.g. Klemensg et al. (2007). The
relation of the geometric shape of the specimens on the
parameter identification problem from a mathematical point
of view has been investigated in Bauer et al. (2016).
Shape optimization of biaxially loaded specimens is more
sophisticated as outlined in, e.g. Makris et al. (2010) and
Etling and Herzog (2018). This paper pursues our research
on design sensitivity analysis applied to elastoplasticity
outlined in Liedmann and Barthold (2018a) and represents
an extended version of contribution Liedmann and Barthold
(2019).

In Section 2, the main optimization problem is stated
in terms of the objective function, design variables, and
nonlinear constraints. After some preliminaries given in
Section 3 about the viewpoint of kinematics and the notation
used in this paper, the model equations for the chosen
Jo elastoplastic model are summarized in Section 4 and
the solution strategy is described. Section 4.1 focuses
on the mechanical response analysis. Based on this, the
variational sensitivity analysis is consequently performed,
and the concept to compute the mechanical response and
stress sensitivities are outlined in Section 4.2. Section 5

Fig. 1 Initial geometry of X0-specimen

@ Springer

is concerned with numerics. The method of F is briefly
explained in Section 5.1. Furthermore, the concept of the
so-called design velocity matrix is described in Section 5.2,
followed by some remarks about the computational effort
in Section 5.3. In Section 6, the method is applied to
two optimization problems, a parameter identification in
Section 6.1 and the shape optimization of the chosen X0-
specimen in Section 6.2. Section 7 summarizes the paper
and draws a conclusion on the findings. Discretization using
F finite elements and the corresponding explicit discrete
operators for structural as well as sensitivity analysis are
given in the Appendix.

2 Optimization tasks

In this section, the two optimization problems subject in this
paper are introduced, namely the main shape optimization
and a preceding parameter fitting of the underlying
material model used for the simulations to experimental
data. Both problems are solved utilizing gradient based
optimization methods and analytical gradients are provided.
The computation of the gradients and the underlying
structural analysis problem is presented in Section 4.

2.1 Shape optimization

The main goal in this paper is the shape optimization of
the X0-specimen presented, e.g. in Gerke et al. (2019). The
initial geometry is illustrated in Fig. 1. In the notched area,
where the specimen is predicted to fail, the stress triaxiality
distribution shall be preferably homogeneous. Therefore,
the approach is to maximize the stress triaxiality intensity

A- -A
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Fig.2 Design variables in the notched area
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in that area by varying the geometric design variables
defining the shape of the notches. The design vector
P = [ R1 Ry R3 d] contains the design variables indicated
in Fig. 2.

Here, s and 7.5 denote the length and thickness of the
central cross-section, respectively. The objective function is
chosen to be

maxJ(p) =ln(pIl, 2
where the vector 5 stores the stress triaxiality values at the
cross-section. The problem is constrained in terms of the
equality constraint of the form

c® = fes “los — Acs =0, 3)

which forces a constant cross-section area Ag of the
specimen. An additional condition is that the penetration
depth d has always to be smaller than the radius of the notch
in thickness direction R3

"=d—R3 <0 4

to prevent sharp edges in the geometry and the finite element
mesh. The results of the shape optimization are presented in
Section 6.2.

2.2 Parameter fitting

As in future investigations, the results shall be validated in
real biaxial experiments; in a first step, the elastic and plastic
material parameters of the underlying constitutive model
are fitted to approximate the behavior of the real material
(AICuMgSi) as good as possible. Therefore, the first inverse
problem to solve is a parameter identification, in which the
global load-displacement curve of a uniaxial tension test is
fitted to experimental data. The objective function is of least
squares type and takes the form

min J(m) = || f7(m) — F7||, )

where the vector FF represents the reaction forces measured
in the experiment and the vector f I:*(m) stores the
simulated reaction forces depending on the design variables
m=[Evoyox H B].

Details on the meaning of the constitutive parameters
are presented in Section 4.1. Results of the curve fitting
procedure are presented in Section 6.1.

3 Preliminaries
3.1 Tensor notation and operators

Symbolic tensor notation is used in this paper. Vectors are
bold face italic, second-order tensors are upright bold face,

and sans serif and fourth-order tensors are blackboard bold
characters

v=uvie, A=Ae Qej,
T =Tjne QejQere. (6)

Single contraction is either denoted as dot product for
vectors or omitted for higher order tensors, double
contraction is denoted as colon, e.g.

Av =A-v=A;ve,
T:A =TjjuAue Qe;. @)

Special transpositions of fourth-order tensors are denoted as
superscripts, e.g.
23

T' =Tijiei ®e; Dex ey, ®)

which represents the transposition of the second and third
bases of a fourth-order tensor.

In some equations, the special product 2>|<1 is used, which
denotes a single contraction of the second basis of a fourth-
order tensor with the first basis of a second-order tensor, i.e.,

21
TxA=TjimAjke Qe Qe Qey. (&)
The special fourth-order tensors Isym and Igey denote

the symmetric and deviatoric projection tensors with the
coefficients

1
Ly = 5(51‘1( 8j1 + 81 8jk),

1
Ii(j‘k[ = Iis}‘k[ ~3 8ij Okl (10)

3.2 Enhanced kinematics

In the context of structural optimization, the material body
is not considered with a fixed reference configuration. Thus,
within a general continuum mechanical framework, it is
convenient to work with an enhanced kinematic concept,
see Fig. 3. Motivated by an improved viewpoint on the
material body using arguments from differential geometry,
cf., Noll (1974); Bertram (1989); Barthold (2002), the main
idea is the rigorous separation of physical and geometrical
quantities. By the introduction of a fixed parameter space
B with Cartesian basis Z; and local coordinates @, the
classical deformation mapping ¢, defined as

¢:X,n)—xX,0) (a1

can be decomposed into two independent mappings, i.e.,
the design-dependent geometry mapping « (@, s) and the
time-dependent motion mapping u(@, 1)

K:(0,5)—~ X@O,s)and u: (O,1) — x(O,1). (12)
With the corresponding tangent mappings
K=Vok =G, ®Z andM =Vou =g;  Z', (13)
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Fig.3 Enhanced kinematics

not only the deformation mapping but also the deformation
gradient can be decomposed and written as

p=pok "andF=MK ' =g, Q G (14)

Consequently, for volume mappings, we obtain

/dl}:/]dV:/]JKdV@Z/JMdV@, (15)
M K B B

with the determinants J =det F, Jx =det K, and J;; =det M.
The main advantage of this enhanced viewpoint of
kinematics is that implicit dependencies do not arise until
the definition of global equilibrium. The parameter s is used
as a scalar design variable parameterizing the material body
in the reference configuration C = K(s) and the referential
points X = X (s).

Note, due to the choice of the elastoplastic material
model, the plastic intermediate configuration P is defined
up to a rigid body rotation, cf., Simo and Hughes (2000).
Thus, the tangent mappings Fe and F, stay undefined during
the computational procedure.

3.3 Variations and derivatives

The total variation of any quantity (e)(u; s; h,) is given by
the sum of the partial variations

S(0)(u; s; hy) = 8,(e)(u; §; hy)
+85 (@) (@t; 83 hy)
+85, () (@; §; hy), (16)

where, e.g., the partial variation with respect to u with fixed
s and h,, is defined as

d oA
Bu(e) = - (O)(u + € dus 8 hn) . (17)

This notation is used throughout the whole paper.

@ Springer

4 Response and sensitivity analysis

Following, the material model, solution strategies for
computing the structural response and response sensitiv-
ities are outlined. The chosen mechanical model based
on a multiplicative split of the deformation gradient
F = F.F, can be found in the relevant literature, e.g.
Elguedj and Hughes (2014); Simo (1988a, b) and captures
large deformations and strains.

4.1 Mechanical response

The nonlinear weak form of equilibrium R : V — R,
commonly called residual, in the reference configuration K
reads

R(u; v) = /PK(u):GradvdV
K

—/b0~vdV—/t0-vdA=0, (18)
K oK

where Gradv is the gradient of the test function v € V and
u € V is the displacement field. Here, V denotes the usual
Sobolev space of all admissible displacements. The chosen
strain energy function given by

W =UU)+W(EC.E )

K1 G [~ -1
=3 [E(J —1)—1nJ}+E [c.cp —3] (19)
is an extension to the compressible range of the Neo—
Hookean model with the advantage of poly-convexity and
is suitable for large deformations and strains, cf. Simo
(1988a). Here, K and G denote the elastic compression and
shear moduli, respectively. Stresses can be determined via a
return-mapping algorithm, cf. Elguedj and Hughes (2014);
Simo (1988b). Further, E; ! denotes the isochoric part of
the inverse plastic contribution of the left Cauchy—Green
deformation tensor, that is, the pull-back of the isochoric
elastic left Cauchy—Green deformation tensor Se = Fe FZ
using the isochoric deformation gradient F

—1
p

~T

C. =F 'bF . (20)

The von Mises—type yielding condition only depends
on the deviatoric part of the stresses, and thus is pressure
independent

2
f=|ISII—\/;k(a)§0, (1)

with s = devt denoting the deviatoric part of the Kirchhoff
stress tensor T. Hardening during plastic flow is defined
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by the nonlinear function that depends on the isochoric  to use the algorithmic material tangent A = LF which can
hardening variable o be split into a volumetric and deviatoric part
k(o) =00+ 00 [1 —exp(—Ba)] + H a, (22) K K
P, IPG.,
. C . A= 4 SV — Avol + Adey- (30)
where the material parameters og and o, denote the initial oF oF

and limit yield stress, respectively. H is the linear hardening
modulus and B is a dimensionless parameter. Note that
although the deformation process is assumed to be quasi-
static, a pseudo-time has to be introduced in order to solve
the evolution of the internal hardening variables.

The set of history variables that has to be saved in each
load step and integration point is A = {Eg ! ,a}. Evolution
of the internal history variables is described by the flow rule

~—1

2. -1 =T
Cp :—gytrbeF nF (23)
and the hardening law
o 2y 24)
=437

Due to the nonlinear hardening function, within an implicit
time integration, the increment of the plastic multiplier Ay
has to be solved within a local Newton—Raphson procedure,
see Algorithm 2. The solution has to be a Kuhn—-Tucker
point defined by the conditions

Ay =0, f(zr,a) <0, Ayf =0. 25)

With the increment of the plastic multiplier at hand, the
update of the deviatoric stress tensor can be determined as

stl’

tr -
s=s —2pAyn, n= )
sl

(26)
with i = LG ubg, s = Gdevb, and the flow
direction n. The superscript tr denotes the trial state in
the elastic predictor step of the return-mapping procedure,
see Algorithm 1. Due to the assumption of incompressible
plastic flow, the hydrostatic pressure can easily be computed

to
Loy

The total Kirchhoff stress tensor reads

p=p"=U'0)=

T=Jpl+s (28)
and the first Piola—Kirchhoff stress tensor is given by
PK=7F " (29)

Consistent linearization of the stress tensor has been derived
in Simo (1988a, b), and the numerical solution strategy is
outlined. An excellent summary of the solution algorithm
can also be found in Elguedj and Hughes (2014) in the
context of isogeometric analysis. However, using the F
method and in view of sensitivity analysis, it is convenient

The explicit forms of the volumetric and deviatoric parts
read

24

A =KIPFTRFT—Jp (FTarF )’ 31)
and
24
YT T o7
Adev =Sty “F ' —=s (FTT@F") (32)

respectively. The fourth order tensor Sgey is given by

Jas

Sdev = ﬁ

2
=G [ﬁoﬂdev—gAyﬂ1n®l+ﬂzn®n] B
= H:B, (33)

with the factors

o=1- T tr” ,31—1+2f, sB2=p1—Bo (34
and the identities
~tr
) ob 2 g 2
B.:a_Fe:[F*(cpn )+FC F} (35)
9F 1 E=R |
F:=—=J3 |00 —-FQF '|. 36
5F [(@) 3 ® :| (36)

The whole computational procedure is summarized in
Algorithm 1 in pseudo code format.

4.2 Response sensitivity

Once a global equilibrium point has been computed, that
is, a solution of (18), response sensitivities are obtained
variationally at continuous level. As (18) has to hold for
any design change &s, its total variation has to vanish,
cf. Barthold (2002); Liedmann and Barthold (2018a);
Wiechmann (2000), and we can write

SR = 6,R+6R+8,,R=0
= k(v, du) + p(v, és) + h(v, 8h,), 37

@ Springer
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Algorithm 1 Return-mapping algorithm

Require: F, h, = {E;L, o}

1: Compute elastic predictor

J =detF, F = J73F, by =FC,, F,s" = Gdevhy

2: Check for plastic loading

30 f = || s — \/gk(an) < 0 then
4 elastic state — update: (-) = ()
5: else
6 perform return mapping

stl’

[Is" 1]

Compute Ay, such that

_ 1 ~tr
n = §G trbg, n

N 2 B
fay)=11s"| _\/;k(an+\/gAy) —2aAy <0

using local Newton-Raphson Algorithm 2 and update

2
s =s' -2 Ayn, a=an+\/;AJ/,
be =G (s+7D.C, =F "B F
Seth ={C, ' )

7. end if
8: Stress update

p=UWLP'=Up+s) FT;

9: Compute consistent tangent

A = E see (30) — (36)
oF
10: if (sensitivity) then
11: Compute derivatives
PX dh h
m, see (58), (60) and 3F’ m, see (65)—(74)
12: end if

Algorithm 2 Local Newton-Raphson procedure.

1: Set start value Ay©® = 0 and parameter i = 0
2: while | f(Ay©D)| > 0 do

, 2 _ ) .
@y =Is - \Ek(aﬁ@Aym) — 2 4y®

. k' (a3 2y®)
‘Ay Dy = —2p | 14—~
F Ay mo|l+ 37
Apth = Ay _ FACO 4]
f1(ay®)
i=i+1

3: end while

@ Springer

where the two bilinear forms k Y xV — R and
p :V xS — Rrepresent the partial variations of the weak
equilibrium condition w.r.t. displacements and design,
respectively. The third bilinear form 2 : V x § — R
corresponds to the deformation history that has to be
captured and considered for all total variations, cf.
Liedmann and Barthold (2018a, b) and Wiechmann (2000).
The spaces S and G denote Sobolev spaces with all
admissible design and history functions, respectively. We
refer to, e.g. Haug et al. (1986); Sokotowski and Zolésio
(1992); Kim and Choi (2004); Choi and Kim (2004) for
details on the function spaces and the mentioned notation
using linear and bilinear operators.

4.3 Matrix form of sensitivity relations

From the matrix form of (37)

SR 8R5+8R5+8R5h0
= _— u _ S =
du s oh,, "

= Kéu+Pés + Héh,, (38)

where R € R" the sensitivity matrix S e Rndofxndv
can be derived, that is, the total derivative of the structural
response u w.r.t. design changes s

—K " [P5§s + Hsh,]
=K '"[P+HZ,] s =S3s. (39

ju

Here, the matrix Z,, € R"M*"% i5 the total design derivative
of the history variables

Shy, = Z, 5s, (40)

see Section 4.4 for details.

K e Rndofxndof denotes the tangent stiffness matrix,
P ¢ RNV denotes the so-called pseudo load matrix and
H e RNV i the history sensitivity matrix. Here, ndof is
the number of total degrees of freedom, ndv is the number of
design variables, and nhv is the number of history variables.
Note that assuming hg = 0 and §hg = 0 at time ¢ = £, from
(39) we obtain

So=-K'P, Zy=0 41)

for the first pseudo-time increment. The sensitivity part
corresponding to the deformation history has to be evaluated
at the end of each time step that causes plastic yielding
and saved for the subsequent step. Note that all values are
evaluated in the current pseudo-time step ¢ = t,41 except
those that have been saved in the prior step with subscript n.
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4.3.1 Pseudo load matrix

Referring to (38), the pseudo load matrix is the partial
derivative of the residual R w.r.t. design s. A pull-back to
parameter space yields

6sR = /SA-PK : Gradv Jx dVe

aB
+ / PK : 8,Gradv Jx dVe
B
+ / PX : Gradv 8, Jg dVe, (42)
B
where Jx = detK. At this point, we have to consider

the choice of design variables as this will affect functional
dependencies.

Geometric design For geometric design, the design vector
is chosen as the vector of geometry points s := X. With the
partial variations of the gradient of the test function

dxGradv = —Gradv Graddé X, 43)
the determinant of the geometry gradient

SxJxk = Jg Divé X, (44)
the first Piola—Kirchhoff stress tensor

SxPK = %:SXFzA:SXF (45)

and the deformation gradient
6xF = —Gradu Grad$é X, 46)

cf. Barthold (2002), Materna (2009), and Kijanski (2018),
we can write

xR = — / [(Gradu Gradé X) : A] : GradvdV
K

— / PX : Gradv Grads X dV
K
+ / PX : Gradv DivsX dV, (47)
K
where we have used the identity dV = Jg dVg.

Constitutive parameters For the sensitivity regarding mate-
rial parameters, the design vector is chosen as the vector

containing the material parameters s := m. As only the
stress tensor depends on material parameters, we find
8 Gradv =0, §,,Jxk =0, (48)
but
Kk OP¥
dmP" = — dm =Médm, (49)
om

where M is the third-order tensor connecting the first Piola—
Kirchhoff stress tensor with the material parameters. Thus,
we can write

SmR = / Gradv'MSm dVv. (50)
K

For reasons of brevity, without detailed derivation, for the
vector of material parameters m = [E v ogo.o H B], the
explicit form of the tensor M reads

1 K
M=_-(/2-1)FTe —
- 2( ) ®8m
®8G

om

2 i ok
B el S iy (51)
37 om

Here, the second-order tensor Hy, reads

+HnF T

Hmn = (Bolsym + B2n®@n) : deVE)’ter - 2Ay%ﬁ1n. (52)

The partial derivatives of the bulk modulus K, the shear
modulus G, and the nonlinear hardening function k are
given by

K
_— = [a1 azOOOO], (53)
om
with a) = ﬁ, ay = ﬁ,
oG
— = [b16,0000], (54
om

: _ 1 _ E
with b; = T by = RS and
ok
— =[001cjac], (55)
om
with ¢c; = 1 —exp(—Ba), 2 = oxa exp(—Ba),
respectively.

4.3.2 History sensitivity matrix

The history sensitivity matrix is the partial derivative of the
residual R w.r.t. the internal history variables of the prior
pseudo-time step &, and reads

8n, R = / 85, PX : Gradv Jg dV, (56)
B
as only the stress tensor PK depends on the history variables.

The partial variation of the first Piola—Kirchhoff stress
tensor w.r.t. the history variables reads

aPK
8, PK =
h)l ah

Z, 5s. (57)

n

@ Springer
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The partial derivatives of the stress tensor w.r.t. the history

variables h, = {C oy} are given by

pn’
aPK 21
— = (H:Be) *F T, (58)
acp)n
with
~_ 2ot
Be =FI, *F (59)

and the tensor H from (32) for the internal variable 6; ! and

9P 2 i T
doty 3 f’ nF (60)

for the internal variable «, with the first derivatives of (22)
and (21)

k' =000dexp(—Ba)+ H (61)
and
/ — K’
f=—2u|:1+—_:|. (62)
3p

4.4 Update of history variations

As (39) indicates, it is essential to update the total variations
of the internal history variables at the end of each pseudo-
time step that has caused plastic deformation. The values
of the total derivatives are saved into the matrix Z, denoted
as total design derivative of the history variables, cf. (40).
The general update formula of the variations of the internal
history variables reads
oh oh oh

Sh = aau + a&s + % Shy,. (63)
Again, as for the pseudo load matrices, we have to
distinguish between the choice of design variables.

Geometric design For geometric design, (63) takes the form

3h—8h'(5 F+5xF) + oh
T oF X oh

n

Z,8X = 75X, (64)

with §,F = Graddu. The yet unknown partial variations ‘)h

and aaTh can be resolved to
n

8671 2 21
p x (& T
o [(F oF )T ]F] (BoFT)
-4 1 1 2 1
F'l(2H+-191):B| *F
- [(G +3®) ]
24

“F'be (F‘T ® F‘T) T.F (65)

@ Springer

. . ~—1 .
for the internal variable C, w.r.t. the deformation tensor F

p
and

o 2G (2
B_F:\/gf’< Ayl—n) B, (66)

for the internal variable «.

Constitutive parameters For material parameters as design
variables, (63) takes the form

oh oh ok

sh= 2 s Fr (224 7.
oF " +<8m+3hn ”) "

— Zsm. 67)

The partial derivatives of the internal history variables w.r.t.
the material parameters 3 - ah can be identified to

1 s\ _9G 24 _ ok
A (Ho = 2 2 /2 ng 2L
[( m G>®8m 37 "% 9m

(68)

~—1

9C, _ 1]]33_
= =Pc

om G

for the internal variable 671, where the second-order tensor
H, has been used, cf. (52). For the internal variable o, we find

oo 21 (2 G
— = Ayu—n deVb
om 3 f’ om

2 ak
3f am’
The partial derivatives of the shear modulus and the
nonlinear hardening function are already known, see (53)—
(55).
In both cases, the partial derivatives of the internal
variables w.r.t. their counterparts from the previous pseudo-
time step are needed and read

(69)

8671—18%“- 1H+1|®| ) (70)
8Cp n - < G 3 ' ‘
and
ac," L 2K 0
ban ~ 2Nzl im 70
for the internal variable E; ! . The fourth-order tensor 1851 is
given by
Bo' =F I, *F . (72)
For the internal variable « we find
oo 2G [2
7 = 3 f/ A)/I—n :BC, (73)
BCp’n
with the fourth-order tensor B¢ from (59), and
do 2k

=14-—, (74)
oy, 3 f

with the derivatives given in (61) and (62).
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4.5 Stress sensitivity

The gradient of the stress triaxiality as defined in (1) can be
computed following the same concepts, which leads to

d
on = —dom + 3_ 80¢q, (75)

where the total variations of the mean and von Mises
equivalent stress read

9 9
80m = =™ . 50, 806q =
Jo

1 0. (76)

Thus, it is essential to calculate the total variation of the
Cauchy stress tensor given by

80 = 6,0 + 8,0 + 8p,0. (77)

This variation follows the same principles as the variation of
the first Piola—Kirchhoff stress tensor, cf. Section 4.2, and is
straight forward

s = 2% 5 F+ 2% 561 2% s
o =—": — p
oF " " ds oh,
Jo 8F8 —|—3085+ 3O’Z 5
= — . —oluU — S
oF " du as oh, "
do OF Jdo 0o
=|—:—8S+— Z, | s. 78
[BF ou> a5 T om, } s (78)

5 Numerical treatment
5.1 F finite elements

Due to the assumption of incompressible plastic flow,
volumetric locking occurs in the solution using pure
displacement finite elements. Therefore, as proposed in de
Souza Neto et al. (2009) and Elguedj and Hughes (2014),
an F formulation is used. This formulation has advantages
on implementation side as any constitutive law can be used.
The F deformation gradient reads

1
_ 3
F=(§) F = kF, (79)

where Jy = detF is the determinant of the deformation
gradient evaluated at the element centroid. It is important
to mention that all equations in Section 4 are evaluated at

F = F. Therefore, for exact linearization, the derivatives of
F w.r.t. F and Fy are needed. The total variation of F reads

_ )
SF =

il

: 6F + oF : 8F,
' dFy 0

M

|x

23
=3 [3 (I®I)T—F®F_T:| : OF

K

-7 .
+3 [F®F0 ].SFO
= D: 6F + Dy : 5Fp. (80)

5.2 Geometry modeling and derivatives

In the case of shape optimization within a finite element
framework, the sensitivity relations of the quantities
of interest have to be computed regarding the nodal
coordinates of the mesh. To ensure smooth boundaries
and to reduce the number of design variables, it is often
convenient to choose mesh controlling geometry parameters
as design variables.

The so-called design velocity matrix, defined as

X

Q PP e Rdofxndv’ (81)
ap

connects the mesh coordinates X and chosen geometry
controlling parameters p and can be computed analytically
as far as the geometrical dependency in known, see e.g.
Gerzen (2014) and Kijanski (2018). However, for the case
that third-party programs are used for mesh generation, the
design velocity matrix can be computed numerically using
a finite difference scheme, e.g.

_X(p+) —X®)
- ,

Q

using forward finite differences. Here, ¢ denotes a small
perturbation number or step size.

Note, this approach can be numerically expensive but
has the advantage of simplicity, especially for complex
geometries. Using numerical differentiation of the design
velocity matrix, the whole method of sensitivity analysis
can not be called pure analytical. However, the numerical
cost is still tiny compared to pure numerical approaches.
Nevertheless, the authors recommend analytical derivation
of the design velocity matrix whenever possible.

In Section 6.2, the geometry of the X0-specimen and
the mesh have been built up using gmsh4 .4 .0. Thus,
the design velocity matrix has been computed numerically.
Matlab Code Ex. (1) summarizes the numerical treatment
using Mat1abR2018a running in a bash shell on Linux.
Here, the file X0.geo stores the geometry of the XO-
specimen that is parameterized by three radii (R1,R2,R3)
and a penetration depth of the notch in thickness direction
(d). The variable e represents the step size € of (82). It
is chosen here to e = sqgrt (eps), which is the default

(82)
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forward finite difference step size in the Matlab solver
fmincon. This reduces the number of error sources when
analytical gradients are checked using fmincon.

Note that in Matlab eps = 572 represents the distance
of 1. 0 to the next larger double-precision number.

5.3 Computational effort

For each integration point in each element, the vector of
history variables h € R™M™V has to be saved for the
subsequent pseudo-time step for structural analysis. Addi-
tionally, for sensitivity analysis, the partial variations of the
history variables Z € R™*" wrt design s € RNV
have to be saved. The structure of the global history field

1 %% Make sure gmsh is on PATH

2 a = system('gmsh —--version');

3 switch a

4 case O

5 fprintf('gmsh found \n')

6 otherwise

7 error ('gmsh not found!')

8 end

9 %% Mesh geometry parameterized by x

10 system(['gmsh '...

11 ' —setnumber R1 ',num2str(x(1l),10),.
12 ' —setnumber R2 ',num2str(x(2),10),

13 ' —setnumber R3 ',num2str(x(3),10), .
14 ' —setnumber d ',num2str(x(4),10),.
15 ' —format m -3 -o X0.m X0.geo']);

16 % Nodes stored in array POS

17 run('X0.m");

18 % Number degrees of freedom

19 ndof = size(POS,1)*size(POS,2);

20 % Store nodal coordinates in vector X
21 X = reshape (POS,ndof,1);

% Compute design velocity matrix
using forward finite differences
Initialize Q
= zeros (ndof, length (x));

N
w
oe

o

24
25

10

26

o\

27 Set perturbation value
= sqgrt (eps) ;
20 for i=1l:length (x)

30 Xp = X;

28

(0]

o

31 % perturb parameters

32 xp (i) = xp(i)+te;

33 system(['gmsh '...

34 ' —setnumber R1 ',num2str(xp(l),10),...

35 ' —setnumber R2 ',num2str(xp(2),10),...

36 ' —setnumber R3 ',num2str(xp(3),10),...
37 ' —setnumber d ',num2str(xp(4),10),...
38 ' —format m -3 -o XOp.m X0.geo']);

39 run (X0p.m)

40 Xp = reshape (POS,ndof,1);
41

42 Q(:,1) = (Xp—-X)/e;

43 end

%% Global variables

nel = 5928; % number of elements

ngp = 8; % number of integration points
nhv = 7; % number of history variables

%% Field of history variables

= cell (nel, 2*ngp);

values of history wvariables
(:,1:ngp) = {sparse(l,nhv)};
gradients of history variables

© ® N o oA W N
ool o

=
= o
o\

h(:,ngp+l:end) = {sparse(nhv,ndv)};

Listing 2 Matlab Code Ex. 2: global history field

is realized in Matlab using a heterogeneous cell array of
the form

1 ngp 1 ngp
h W |zl Z
=y (83)
hl hngp Zl anp

nel *** el nel **° ne

which can directly be used for parallel element evaluation.
Matlab Code Ex. (2) shows how the history field is
constructed. In total, in each pseudo-time step, we need
to save nh = nel x ngp X nhv x (1 4+ ndv) scalar values.
If the number of design variables ndv increases, the total
amount of values that have to be stored nh explodes. Thus,
the authors recommend parametrization of the mesh and
utilizing the design velocity matrix on element level as
explained in Appendix (A).

% Set initial point

1

2 E 69.0; nu = 0.3;

3 sig0 = 0.32; sigi = 0.1; H = 0.65; d = 30;
4

5 x0 = [ E nu sig0 H sigd d ];

6

7 % Box constraints

8 % E nu sig0 H sigi d

9 Lb = [ 40 0.1 0.2 0.10 0.05 10.0 1°';

10 Ub [ 70 0.49 0.5 100 0.2 50.0 1°';

=
=

% Options for lsgnonlin

options = optimoptions ('lsgnonlin', ...
'Algorithm', 'trust-region-reflective', ...
'FunctionTolerance',le-6, ...
'OptimalityTolerance',le-6, ...
'SpecifyObjectiveGradient', true, ...
'TypicalX',x0");

S S S~ St
S © ® N O U A W N

% Invoke lsgnonlin
[x,normr, r,exit, out, lambda, jac] = .
lsgnonlin (@0Obj, x0,Lb,Ub, options);

M)
[t

Listing 1 Matlab Code Ex. 1: numerical design velocity matrix

@ Springer
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60 60

Fig.4 Tensile test

6 Optimization results
6.1 Parameter identification

In a first step, the method mentioned above is used to fit
the material parameters of the constitutive model to the
material behavior by means of a standard tensile test, cf.
Fig. 4. The discrete model is pictured in Fig. 5. In this case,
the design variables are chosen as the material parameters
s := m = [Evogos HB]. The initial values of the
material parameters are taken from Gerke et al. (2017) and
summarized below:

E = 69 GPa,
0o = 100 MPa,

v=20.3, op=320MPa,
H =650 MPa, g =30.

The geometry is discretized with 1539 hexahedral F
elements. In total, the mechanical problem counts 4872
degrees of freedom. Due to symmetry, only one eighth of
the geometry is modeled. Thus, the measured reaction force
is divided by 4 for the comparison. Symmetric boundary
conditions are applied and a maximum displacement of
10 mm is prescribed within 200 linear steps, that is, the point
where the maximum reaction force has been measured.
The time discretization implies that the number of data
points that are compared with the simulation is nqgp = 200.
The optimization problem is to minimize the error between
the load-displacement curves of the experiment and the
simulation, where FP denotes the measured reaction forces
and fR(m) the simulated reaction forces depending on the

Fig.5 FE model

0 5 10 15 20 25
iteration

Fig.6 Objective history

set of material parameters. We can define the optimization
problem as
min - J(m) = [|f7(m) — F7|

f<ml. (84)

i
st. m; <m u

The solution of the problem is obtained utilizing the Matlab
solver 1sgnonlin with the options shown in Matlab Code
Ex. (3). Here, also the chosen values of upper and lower
bounds of the design variables are declared. Note that the
function @Obj is a separate Matlab routine that computes
the value of the objective function J in (84). In Fig. 6 the
history of the objective function during the curve fitting
process in plotted. 22 iterations are needed to finally reach
the stopping criterion, that is, the relative change of the
objective compared to the prior iteration is less than tol =
le — 6. Load-displacement curves are shown for different
iterations in Fig. 7. The parameters are identified to

E = 61.92 GPa,
119.2 MPa,

v =031,
H = 548.7 MPa,

00 = 313.3 MPa,
B =10.72.

Ooo

With this at hand, the next optimization task, that is the
shape optimization of a chosen specimen, can be conducted.

5000

2000

——initial

——experiment

——iter 1

—iter 10

——iter 22 (converged)
L L

500

0 1 2 3 4 5 6 7 8 9 {0
U [mm)]

Fig.7 Load-Displacement curves (AlICuMgSi)
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Fig.8 FE model

6.2 Specimen shape optimization

The chosen, so-called X0-specimen, is shown in Fig. 1.
Due to symmetry, only one eighth of the geometry has
to be discretized as pictured in Fig. 8. 5928 hexahedral
F elements are used and the mechanical problem counts
23,535 degrees of freedom. Within 200 linear steps, the
maximum displacement of 0.75 mm is applied to all sides
of the specimen.

1 % Set initial point

2 Rl = 3.0; R2 = 3.0; R3 =2.0; d=1.0;

3

4 p0 = [ RL R2 R3d 1"';

5

6 % Box constraints

7% R1 R2 R3 d

g8 Lb =1 1.0 1.0 0.5 0.51;

o Ub = [ 5.5 5.5 4.0 1.57;

10

11 % Options for fmincon

12 options = optimoptions ('fmincon', ...

13 'Algorithm', 'interior-point', ...

14 'OptimalityTolerance',le-6, ...

15 'ConstraintTolerance',le-6,...

16 'SpecifyObjectiveGradient',true, ...

17 'SpecifyConstraintGradient',true, ...

18 'StepTolerance', le-6);

19

20 % Invoke fmincon

21 [p, fval,exit,out, lambda, grad, hess] = ...
fmincon (@ObJ,p0, [1,[]1,11,[]1,Lb,Ub,

22 @Geomconstr,options);

Listing4 Matlab Code Ex. 4: call to fmincon
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Fig.9 Objective history

Note, this displacement is much more than in the experi-
ment. For more realistic results, the maximum displacement
has to be adapted. The results in this paper can bee seen as
a proof of concept.

As the shape of the specimen is to be optimized,
geometric parameters are chosen as design variables s :=
p = [R1 R2 R3 d], namely

R :inner radius, Rj3 : radius in thickness direction,

R> : outer radius, d : penetration depth.

Aim of the shape optimization is to achieve a preferably
homogeneous distribution of stress triaxiality in the cross-
section. For this, the length of the vector of stress triaxiality
in the cross-section is maximized. Additionally, during the
optimization the cross-section has to stay constant, which is
defined by the equality constraint

¢ = 55 - lss — 12 mm? = 0, (85)

cf. Fig. 2. To prevent the appearance of sharp corners at the
edges of the notch in thickness direction, the penetration depth

(@) Initial geometry

(b) Optimized geometry

Fig. 10 Triaxiality distribution at specimen cross section



Variational sensitivity analysis...

2249

Table 1 Initial and optimized design parameters

Param. Init. val. (mm) Opt. val. (mm)
R 3.003 1.889
Ry 3.003 1.570
R3 1.500 1.272
d 1.000 1.271

should not be larger than the radius in thickness direction.
This is captured by the inequality constraint

"=d—R; <0. (86)
Consequently, the optimization problem is defined as
max J(p) = Il
st.  c® =0,
" <0,
i <P <pp (87)

The problem is solved with the Matlab solver fmincon.
The options used as well as the bounds of the design
variables are shown in Matlab Code Ex. (4). Here, the
functions @0Obj and @Geomconstr are separate Matlab
functions that compute the values of the objective function
J and the geometry constraints in (85)—(87), respectively.

After 28 iterations, the solver found a solution. In Fig. 9, the
stress triaxiality at the cross-section of the specimen is illus-
trated. Due to the equality constraint, the maximum stress
triaxiality does not change significantly, but the distribution
over the cross-section is much more homogeneous in the
optimized case than it was for the initial shape. The values
of the objective function during the optimization process
are displayed in Fig. 10. Initial and optimized values of the
design parameters are summarized in Table 1. The values of
the constraints at converged state are

¢®9 =3.2925¢ — 10 and ¢" = — 8.9378¢ — 4.

7 Summary and conclusions

In this work, an efficient method for the computation of design
sensitivities for structures with elastoplastic material behav-
ior has been presented. The method is based on a variational
approach that allows simultaneous computation of structural
response and response sensitivities. The obtained gradient
information can be used to feed gradient-based optimization
algorithms. The method has been applied to two different
optimization problems. First, a parameter identification has
been performed to fit the model parameters to the real mate-
rial (AICuMgSi). The curve fitting procedure resulted in an
excellent agreement with the experimentally measured load-
displacement curve. In a second example, the shape of the

chosen X0-specimen has been optimized with the aim to
achieve a preferably homogeneous stress triaxiality distri-
bution. The stress triaxiality characterizes the stress state of
the parts of the structure and can be used to classify different
damage mechanisms. In the presented example, the length
of the vector of stress triaxiality in the relevant part of the
specimen has been maximized. The optimization resulted in
a slightly different shape, which shows a much more homo-
geneous stress triaxiality distribution in the relevant part of
the specimen. Future investigations will address the valida-
tion of the results in terms of manufacturing the optimized
shapes and test them. Further, different specimen types and
also different loading scenarios will be analyzed.
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Appendix
A.1 Discrete gradient and divergence operators

For an 8-node hexahedral finite element, the discrete
gradient operator at each FE node i reads

N1 O 0 7
0 N1 O
0 0 N
Nio 0 O
G = 0 N2 O e R9<3 (88)
0 0 N2
Niz 0 O
0 N3 O
0 0 N3]
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with the interpolation functions N;. Discrete matrix forms of
non-symmetric fourth-order tensors follow the convention

At .. Azt Az - A3z ]
A A
A= 3111 3133 c RQXQ, (89)
A1l A1233
| A3311 ... A3331 A3312 ... A3333

as well as discrete vector forms of non-symmetric second-
order tensors

P =[P P P31 P1» ... P33]T e R, 90)

In the case of the shape sensitivity analysis, the partial
variation of the deformation gradient w.r.t. geometry points
is needed, cf. (46). Its discrete version takes the form

G¥ = G; Gradu”, 1)
with

n Ltll Ni,l
Gradu" = Zui Ll-T, u = u’2 Li=| Ni2

i uj Ni3

The discrete divergence operator reads
n
Diva” = ZLlT u;.
i

With the matrix forms D and Dy of ID and Dy from (80)
using the convention stated in (89), we can define the two
gradient operators for the F' element

G; = DG; +Do Gy,
G = DG/ + D G{;. (92)

A.2 Discrete equations

Using the discrete quantities and conventions stated in
Appendix A.1, this section summarizes the discrete element
vectors and matrices.
Element residual vector
e T pK
R; =fGi P"dVv (93)
K

Element stiffness matrix

K, = / G/AG;dV (94)
K

@ Springer

Element geometric pseudo load matrix

i = —/G}A(’;fdv
I

—/PK (L,- LT - L L}) av (95)
K

Note, by the choice of mesh controlling geometric
parameters p as design variables, cf. Section 5.2, the design
velocity matrix can be used on element level. This results in

P;,ik = P(;(,ij j’k’ (96)

which drastically decreases the sizes of the pseudo load,
global sensitivity, and history sensitivity matrix, and thus
saves a huge amount of memory. Additionally, in (64), we
have to consider

oF oF
SF=8,F+6,F=|—S°+—Q°] &p. 97
uF +9p |:8u +8XQ1| p 7

Element material pseudo load matrix

P, = f GIM dv (98)
K

Element history sensitivity matrix

e TaPK e
H, = | G] i zZ; ;dv 99)
n
K
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