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e Construction of Statistically similar RVEs (SSRVEs)
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Simulation of Engineering Problems based on the FE-Method

F

Phenomenological
Constitutive Law

_OP
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Task: Compute the deformation field & in a deformable solid as a result of a
given loading situation under consideration of boundary conditions

Discretization of physical body in terms of finite elements:

B =, B
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Phenomenological Constitutive Law?

(Undeformed)
reference configuration Deformed configuration

Material-dependent constitutive equations describing the relation between

e Deformation measure: e.g. Finger tensor b = FF!

stress T

e Stress measure: e.g. Kirchhoff stress tensor 7

- >
deformation b

= Reasonable results for approximately homogeneous materials!

= Construction of phenomenological constitutive laws difficult for micro-
heterogeneous materials due to complex macroscopic material behavior
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Example: Fiber-Reinforced Materials
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= Morphology and arrangement of inclusions governs anisotropic properties

Macroscopic example: quadratic disc with a hole
u

Stiffer direction S
Is characterized
by an arrow (a),

i - e | ?
no resistence of 4 / U How does the hole deform
fibers under movie
compression

+

u

= Appropriate models for anisotropic elasticity exist
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Example: Multiphase Steel
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e light-weight construction
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e enhancement of crash-safety
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Material properties:

e lower weight of engineering constructions
due to higher strength and formability

www.bmw.de

Complex microstructure leads to kinematic harde-
ning at macroscale due to interaction of phases

— Appropriate phenomenological model is difficult
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Identification of Macroscopic Material Behavior

e In general based on experiments — elaborate and expensive

e Alternative: FE-calculation of a representative volume element (RVE) of
the micro-heterogeneous material

FE-calculation of microscopic boundary value problems

1. Discretization of a suitable RVE (e.g. periodic unitcell of periodic microstructure)

2. Application of suitable boundary conditions (_e.g. displacement-driven bcs,
based on macroscopic deformation gradient F')

3. Solution of microscopic boundary value problem
— Distribution of microscopic fields F', T

4. Calculation of macroscopic stresses, e.g. as a volume
— 1
average P = —/ P4V, P=7F "1
Vs
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Direct Incorporation of Microstructure

Microscopic FE-discretization of dual phase steel:

perlite (green)

Real microstructure Binary image FE-calculation movie
. . ] o [M Pal Uniaxial tension
Direct micro-macro approach: 1600 -
perlite
1400 — i
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>
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Goal: Setup of an algorithmically con-
sistent FE?-homogenization scheme!
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Direct Micro-Macro Transition Approach (FE?)

solve microsc. bvp

macroscopic bvp

Microscale:

1. FE-Discretization of a representative volume element (RVE) and application of
e.g. displacement boundary conditions & = F' X on 0B

2. Solution of non-linear microscopic boundary value problem

. . — .— OP
3. Calculation of macroscopic stresses P and tangent moduli A = Eya

SUQUET [1987], MIEHE ET AL. [...], JS [...], GEERS ET AL. [...], BERTRAM ET AL. [...], WRIGGERS ET AL. [...], ...
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Benefits of FE?
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e A priori micromechanically motivated model
e No phenomenological constitutive law at the macroscale required

e Anisotropic finite plasticity with kinematic hardening at macroscale representable
due to interaction of individual phases at the microscale

e Incorporation of mechanical phenomena observed at the microscale such as:

* Eigenstresses due to microscopic phase transformations or thermal loading
* Graded microscopic material properties or grain boundary effects
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Drawback of FE?: Computationally Expensive Method

Macroscale Microscale

Macroscopic BVP: 20 x 20 quadrilateral elements with 4 Gauss-points (GPs) each
— 1600 GPs = microscopic bvps (to be solved at each macroscopic iteration)

Microscopic BVP: approx. 100000 tetrahedral elements with 5 GPs each
— 1-10° dofs, 100000 x 5 x 10 = 5-10° history variables (for plasticity)

History memory requirements:
1600 x (5000000 4+ 1000000) x 8 byte =~ 76 Gbyte

Computing time: (assume 1 hour for solution of one microscopic bvp)

1600 x 1 = 1600 h ~ 67 days per macroscopic iteration step

UNIVERSITAT

DUISBURSG Dr.-Ing. Daniel Balzani, Institut fiir Mechanik A, Universitdt Duisburg-Essen ‘ :

ESSEN



Drawback of FE?: Computationally Expensive Method

Macroscale Microscale

Macroscopic BVP: 20 x 20 quadrilateral elements with 4 Gauss-points (GPs) each
— 1600 GPs = microscopic bvps (to be solved at each macroscopic iteration)

Microscopic BVP: approx. 100000 tetrahedral elements with 5 GPs each
— 1-10° dofs, 100000 x 5 x 10 = 5-10° history variables (for plasticity)

Possible outcome:

e Strong parallelization of microscopic boundary value problems (BVPs)
e Adaptive method: Only consider FE? at points of interest

e Reduction of memory and computing time of microscopic BVP
— utilization of simplified RVEs
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Macroscopic Boundary Value Problem

t
'% balance equation:

- boundary conditions
U = Ug on 8Eu and zo = ?WOH 8?,5
OB, OB, B

The principle of virtual work G := /

B

(DivP + po ) - 0w dV = 0 leads to

a:/<5ﬁF-5fp0?)dv—/5EZOdA:0, Wlth&F:Grady5f

B OBy

and the linearization (neglecting unconservative loads) is given by
LinG = Gl + AG with AT = /_5? K:AF AV
B

Note: At the macroscale the consistent moduli A = %ﬁ have to be derived!

UNIVERSITAT

DUISBURG Dr.-Ing. Daniel Balzani, Institut fiir Mechanik A, Universitat Duisburg-Essen ‘ :

ESSEN



Microscopic Boundary Value Problem

macroscopic stress condition

— 1 1
P:—/PdV:— t® X dA
Vs V' Jon
o B macroscopic deformation condition

_ 1 1
F:—/FdV:— xr X NdJdA
Vs V Jon

balance of linear momentum: Div[P] =0inB

weak form of balance of linear momentum G := fB DivP - dx dV =0, leads to

G:z/dF:PdV—/&c-todA:O, with 0 F = Gradxdx
B OBy

and the linearization
LinG = G|g» + AG  with AG = / OF : A: AFdV, A= 8FP
B

Note: At the microscale suitable boundary conditions have to be defined!
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Macro-Homogeneity-Condition

The Macro-Homogeneity condition (Hill criterion)
P:F= —/ P:FdV
Vs

is fulfilled by applying the three types of boundary conditions:

(i) Stress bc's ty, = PN on 0B
(i) Displacements bc's a = EX on 0B
(iii) Periodic bc's { ?Iﬁ z g{f ;l_arw: - } on 0B

for the microscopic BVP, Div|P] = 0 in B; the weak form of equilibrium reads

G:z/df‘:PdV:O, AG:/(SF:A:AFdV, with 6F = Grad dw
B B
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Influence of Different Boundary Conditions

periodic microstructure 2 possible RVEs

(taken from SCHRODER [2000], habilitation thesis, report no. I-7, Institut fiir Mechanik,
Lehrstuhl |, Prof. Dr.-Ing. C. Miehe, Stuttgart)
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Influence of Different Boundary Conditions

Distribution of stress o011

displacement bc's stress bc's periodic bc's

RVE 1

RVE 2

— Only the application of periodic boundary conditions results in a stress distri-
bution, which is nearly independent from the relative location of the inclusion.

(taken from SCHRODER [2000], habilitation thesis, report no. I-7, Institut fiir Mechanik,
Lehrstuhl I, Prof. Dr.-Ing. C. Miehe, Stuttgart)
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Computation of Algorithmic Consistent Overall Moduli

The incremental constitutive relation at the macroscale reads

A?:K:Afz{lﬂ_/p(p)dv};@
VoF /s

with the overall (effective) moduli

1 [ OP(F) OF
= — F)dV = — 2 dV
/aF V/B OF OF

exploiting the decomposition of F (x = FX +w — Vz =VFX + Vw)

F=F+F

leads with the abbreviation A := 0p P(F

:—/Adv —/ —dV (%)

Sensitivity of F with respect to F' 7
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Computation of Algorithmic Consistent Overall Moduli (cont’d)

Consideration of weak form of balance of linear momentum at the microscale

G:—/DivP-éﬂde:/ch‘:PdV—/ dw - tdA
B B o8

Linearization of GG at an equilibrium state G =0 — AG =0

/51’5;A;AFdV:o s /5?‘:A:AFW+/5?:A:A?W:0
B B B

Ansatz in a typical finite element
w=Ned, Sw=Nd, Aw=N°Ad,
F=Bd, 6F=B%d, AF =B°Ad
nele T o N
> {od (1*aF +k°ad)} =0
e=1

with the abbreviations

kez/IB%eTAIB%edV, l€:/IB3€TAdV
B B
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Computation of Algorithmic Consistent Overall Moduli (cont’d)

Application of standard assembling procedure yields

sDT (KAI) T LAF) —0

with global stiffness matrix and generalized right hand sides (micro continuum)

nele nele

K= Ar, L= At
e=1 e=1

solution for incremental fluctuation field

AD = K 'LAF

Inserting in equation (*) and exploiting F =Bd yields

— 1 1 0 . =
A== [ AdV +—-L'—AD
IR

1 1
A=— [ AdV — —LTK 'L
V/B 1%
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Isotropic Finite J>-Plasticity

x=p(x)
— T
F

>
-

By
FP F°€

Multiplicative decomposition (FLORY [1961], LEE & Liu [1967])
F =F°F? with F = Gradx
Right and left Cauchy-Green tensors
C=F'F, CP=FP'FP. C°=FFe®
b=FF!'. bv°=FrFrl, p¢=F°Fe’

References: Smio & Orrtiz [85], SiMO [85,92,...], SIMO & MIEHE [92], MIEHE [92,...],
MIEHE & STEIN [92], KLINKEL [2000], DE SouzA NETO, PERIC & OWEN [2007], ...
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Constitutive Model and Parameters

Finite J>-Plasticity: Parameters:
SIMO & ORTIZ [85], SiMmoO [85,92,...], SIMO & MIEHE [92],... matrix
F = F°FP, b° = FeFpeT — Zizl(AZ)QnA ® 14 E  [MPa] 206,000.0
v -] 0.3
— €(hE p
Y = ﬁ (6°) + ¥(a) Yo  [MPa 200.0
v =Clel+ e+ el + pl(e)” + () + ()] Yoo [MPa] 200.0
_ . . n [ 0.0
with € = log(A%) h  [MPa]  10000.0
1
Pr = Yoorr — ;(yo — Yoo)exp(—na) + 1 h o
T = ktrel 4+ 2 pdeve® inclusion
E [MPa] 206,000.0
B = Yo + (Yo — Yoo)exp(—na) + h « v [] 0.3

b = [|deve|| — /28, 1L = —20.@

d:\@)\

A>0; 2<0; AP =0

Numerical implementation: KLINKEL [2000]
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Example: Cyclic Tension Test

homogeneous volume fraction 10% volume fraction 25%
800 800 800 —
. S |
. 400 e —. 400 pl . 400 //
£ 00 / —7 & 200 / — & 200 / —7
=™ ] 1E™ [ 1EN /
o 2200 / / o 2200 / / o 2200 / /
-400 / — -400 /V/ ~ -400 / ///
-600 -600 -600 ,/,//
-0.015 001 -0.005 0 0005 0.0l 0015  -0.015 -0.01 -0.0056 0 0005 0.01 0015  -0.015 -0.01 -0.005 0 0.005 001 0.015
Alw/lx,o Alg;/lx,o Alg;/lx,o
__ 450—450 __ __ 510—420 __ _ 640—440 __
fB = ~mo = 0.0 fB = =5 = 0.18 fB = ~10 — 0.31
unloaded situation 1 (17 =0, € > 0)
. (o
Bauschinger factor g
. B
,———””'——————————— ; oy 375
3 o— “ 4 : KX N g i _3.0
EI I o I T | I 1?25
-150.0
W4/
EI
g % 5. T e Sy
fo = (o'l =" /1] . S -
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Discretization of Microscopic Problems

Unstruct. mesh Struct. mesh Gauss-point Method
XXX X|x X[|X X|X X|X X|XX
X XIXx X|x xX|X X|X X|X X|xx
X XIx x|xX X|XxX X|x x|x x|xXxX ® ><
| \ X X|x % ®®®Wx x [¥/%
‘\ xx|x/®® ®|® 8|® ® x X
xx|® 8le ole 8le & k|xx
) xx[®@ ®®@ 8’ @@@@Ixx
xxjo ®le oo ol ®|e klxx
XX R8[® 8@ ®® 8B x|x x
\ / xxk@\@@ R & x x ® ><
XXX X|X X|X X|X X|X X|X X
XXX X|X XX X|X X|X X|X X|

e Unstructured meshes:
* High approximation accuracy of geometry, lower number of elements

* Difficult automated mesh generation, partially distorted meshes

e Structured meshes:
* Direct mesh generation from micrograph images possible

* Poor approximation accuracy, high number of elements required

e Gauss-point Method:
* Direct mesh generation from micrograph images possible, improved approxi-
mation accuracy for geometry and internal fields

e X-FEM: implementation demanding, but high approximation accuracy
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Gauss-Point Method: Convergence of Microscopic Fields

Gauss-Point Method Standard Method
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Considered Numerical Example:
Macroscopic Uniaxial Tension Test with periodic boundary conditions and
triangular elements with quadratic ansatz functions at microscale

= Approximation accuracy of microscopic fields is comparable for fine meshes

= Possible improvements for Gauss-point method by local mesh refinement
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Gauss-Point Method: Convergence of Macroscopic Response

Gauss-point method (stress-strain convergence)

400
350
300 /W - |
250 00058 elmts —— ]
g // elmts
© 200 | 00318 elmts -
= ] 00642 elmtg -
150 ] 00894 elmts = ]
100 L 01086 elmts |
| 02032 elmts
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0 0.005 0.01 0.015 0.02
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o 405 |
o 400
& 305
S 390
% 385 i
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8 375 th
» 370 N
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0 2000 4000 6000 800010000120001400016000
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=0.02

stress at strain

Regular method (stress-strain convergence)
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= Better convergence behavior for standard method if local refinement is used
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Example: Deep-Drawing of a Hat Profile

Setup:

36.93 mm (half of opening)

sheet (1.6 x 200 mm)

Process steps:

1. Deep-drawing 2. Unloading process

|-
_

axis of symmetry

l ]_St
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Example: FE-Discretization of Macro- and Micro-BVP

Macro-FE-Mesh: Micro-FE-Mesh:

contact 2: drawing die
f (no friction)

contact 3: blank holder
(no friction)

Sheet
contact 1: punch (6x29 macro—elements)

(no friction)

e 174 linear quadrilateral elements e 102 quadratic triangle

e 288 nodes elements (plain strain)

e plain strain e 227 nodes

e penalty contact formulation e periodic boundary conditions

e dynamic (Newmark method: 81 = 1, 82 = 3/2)
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Example: FE2-Simulation of Deep-Drawing and Unloading

A
T O
40 - varnhises
1100
30 |- 940
880
770
20 |- 660
550
440
or 330
220
oL 110
ﬁ“\] Q
ok B 7 n
1 vondizess O 100 200 300 400 500 600 700
movie
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1100 1100
8930 990
880 880
= 770 770
660 660
550 550
440 440
330 330
220 290
110 110
0 0
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Definitions of an RVE

e Hill (1963): Overall moduli have to be independent of the surface value of
traction and displacement, so long as these values are “macroscopically uniform”

e Hashin (1983): RVE should be large enough to contain sufficient microstruc-
tural information, but much smaller than macroscopic body

e Drugan and Willis (1996): RVE is smallest volume element for which the
overall modulus macroscopic representation is sufficiently accurate to represent
the mean constitutive response

e Ostoja-Starzewski (2001): RVE is i) unit cell of periodic microstructure,
ii) volume possessing statistically homogeneous and ergodic properties

e Stroeven, Askes, and Sluis (2002): Determination of RVE size is not
straightforward! |t depends on material under consideration and on the structure
sensitivity of the physical quantity that is measured

For a more detailed discussion see ZEMAN [2003]
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Non-Uniqueness of RVEs
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Characterization of Microstructural Morphology

4 Basic parameters for the description of each phase:

e Py - Volume density [—] N

e Pg - Surface density [m™!]

e Py - Density of the integral of mean curvature [m™?]

Py = %/{minﬁ[h}] + maxg|k|}ds

1

s,

with curvature (s, 8) = —— and volume of microstructure V'

e Pk - Density of the integral of total curvature [m ™3]

Pk = %/ming[m] maxg|k|ds

OHSER & MUCKLICH [2000],
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Matricity as a Characterization Measure

Compute the skeletal lines of each phase in a given microstructure by shrinking
the phases to one-pixel lines, then one obtains the graphical illustrations

| gl::_‘

: 3¢
&
oy

By calculating the skeletal line lengths of the inclusion and matrix phase S; and
Sy we get the matricity by
St Sm .
= ., My = with  Mj;+ My =1
Sr+ Sy M Sr+ Sy ! M

For the above microstructure the matricities are M; = 0.252 and M,; = 0.748.

%

M[:

Acknowledgement: Professor Schmauder, IMWF Stuttgart
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n-Point Probability Functions

Let D,.(a) denote the domain occupied by the r-th phase in the particular sample
Q, then the indicator function reads

(2. 0) = 1, ifxe D, (a)
Xridb, Q) = 0, otherwise

The n-point probability function is then defined by the ensemble average

Srl,...rn(wla wn) — XTl(mla 04) T Xrn(wna O‘)

and represents the probability that n points @1, ...@,, are located in phase r.

First order: S,.(x) = x,-(x,), Second order: S,s(x1,x2) = xr(T1, @) Xs(X2, Q)
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n-Point Probability Functions

Consider binary image of ergodic microstructure with N, x N, pixels, then the
functions of first and second order are computed by

N,—1 Ny—1

Sr NN
1=0 =0

ZM 1]N 1

Srs(m,n) = Z ZXTZ.]XS +m,j+n)

(iar = im) (N = Jn) i=im j=in

with i, = max|0, —m/|, ipy = min[N,, N, — m] and j,,, ja analogous.

For periodic ergodic microstructures, the second-order function is computed by

Ny N,

Srs(m,n) = (2, )Xs(( +m)% Ny, (7 + n)%Ny)

1=0 35=0

and the number of operations reduces when using the Discrete Fourier
transformation (DFT)

1
N, N,

Srs(m,n) = _1[f[xr(m,n)],7:[xs(m,n)]]
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Detection of Periodic Information in Microstructure

Discrete Fourier Transformation (DFT) of microstructure

Yo k.. ky
F(ng, ny) Z Z exp (2772 ke ) exp (27mnjyv ) X (kz, ky)

for n, =1,..,N; and n, = 1, .., N, and indicator function

| 1, if (ky, ky) is in inclusion phase,
X = 0, else.

F is correlated to 2-point correlation function, see PARZEN [92].

FFTW (“Fastest Fourier Transform in the West”)

by FrRIGO & JOHNSON [1997]:
First a “plan” is generated by testing several algorithms and computing fastest

one for the given hardware system, then FFT's are computed by using “plan”

Spectral Density (SD) |

PSD(na;any) |F(nxany)|2
2w Ny N,
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Detection of Periodic Information in Microstructure

e SD of periodic microstructure and periodic unit cell are identical

e Spectral density (SD) shows characteristic anisotropy directions
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Lineal-Path Functions

. . Ty m
Ty

Let D, («) denote the domain occupied by the r-th phase in particular sample «,
then we introduce the indicator function

1. fzZzsC D ()
— _ ? 122 "
(13, ) = { 0, otherwise

and obtain the lineal-path function by the ensemble average

PLp(@i®s) = A (T123, @)
which represents the probability that the Z;@3 segment lies in phase 7.
For periodic ergodic microstructures the lineal-path function is computed by

Naz Ny

Pro(m, k) = ZZ)\ (p+m,q+k)

Y p=1gq=1
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Examples for Different Statistical Measures

target structure two-point probability function Sy

10.4

. P . .
spectral densit (P lineal-path function P
p y SD p LP
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Construction of Statistically Similar RVEs (SSRVEs)

Real Microstructure Statistically Similar RVE (SSRVE)

._>

Macroscopic mechanical response is mainly governed
by the morphology of the microstructure.

Motivated by POVIRK [1995] we consider a general least-square functional

Nsm

2
L) = 35wy (P~ PESRVE()) .~ min,

where ng,, represents the number of statistical measures taken into account.

PSSRVE Nz Ny 5
e = (1- PO 4wy I PV (m. k)
Ym=1k= 1
Ny ]Vy
2
+ wrp N N Z Z rPreal(m ]{7 PSSRVE(’I’I’L, k,"}’))
m=1 k=1
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Simple Example: Visualization of Objective Function (2 Dofs)

Target structure SD of target structure Unitcell

dimensions: 30x30 um resolution: 30x30 pixels dimensions: 30x30 pum

0.45 -
0.4
0.35
0.3
0.25
0.2
0.15 4}
0.1+
0.05 -

— Surface of objective function is far from being smooth
— Many local minima exist if more degrees of freedom are considered
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Optimization by Moving-Frame Algorithm

% i frame k + 1 : frame k + 2 = frame k + 1
a | .
) | IfE(M'k+1) > My
My if L(My g) < M3 I X
X X | My ,C(MO k—l—l) Mo
L(Mgy f) - | d ’ X
X M1 ? | MO . MO
A ' for j = 1.4 X
Mgy <= M4 | My
! X
| new random Mj My
| X
M Uity
frame k X 2 X

e Set starting point My j and generate n random points in a frame of size (2a)x(2a)
e Evaluate objective function £ at these points and M
e Set the frame center to point of the lowest value of £L — My k41

e If frame center does not change (e.g. Mo r+1 = Mo k+2), set liter = liter + 1
else initialize l;40, = 0; stop optimization if l;ierr = litermax

Improved results: ¢ Modified frame size a depending on difference |d| and ;e

e Combination of method with line-search algorithm
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Simple Example: Optimization Process

L = 3.5604e-016

e Target structure: generated by 4 random sampling points defining B-Spline

e Unitcell (to be found): keep 3 points and vary only one sampling point,
dimensions of unitcell: 30x30 um

e Optimization procedure parameters:

size of frame |a =5 um
number of “simplex’-points|n =
max. number of iterations | l;termar = D0
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Study: Real Micrograph of a DP Steel as Target Structure
Leading to Macroscopic Kinematic Hardening

FE-discretization

Micrograph

- a st >~ " ‘—;u"-"'
f‘\ ‘17 ?!t!' %

- LAY Y YN

“\-i.a,.\...b.-.ab-w .--\.-Q - B

bl - N -
-’ .t ' . Tl L TR -
LY - - &

== - "‘ - . %

i -vq_'l'"‘" ;-N"
." ....,. » “’ ‘_‘ -"r"" - .an-
-«\” Sem o T e @ WSy, ’:o
’ d ==, \"V“'" vy 0‘-“

1!
'v' t.!-*'n ‘."'“-— |

o - . ,_,‘*' * % - l*‘q.

et ." At - - - o, *.‘

® 77,641 nodes = 155,282 degrees of freedom
e 38,594 six-node triangular elements

: 2
. . Macroscopic Response (FE“ Comp.)
e white/red phase: 550
. . 500
ferrite (matrix) 150 "
4‘ / L
—350 o
% 300
=.250
5 200 (2
150 ff— :
100 horz. tension
50 vert. tension
5|mple shear

0
0 0.01 0.02 0.03 0.04 0.05 0.06 007 0.08

(1): Al/lg, (2): Aug/ly, o
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Evaluation of the Mechanical Response

Consider a relative error » computed as the deviation of the macroscopic SSRVE
stress response from the target structure response at each evaluation point ¢

—real  =SSRVE —real  =SSRVE —real = =SSRVE
(i) — Tzi — Ty (i) _ Tyi — Ty @) _ Pxy,i ~ Py,
r.,.’ = r./, = r\" —
Z —real ? Y —real ! Ty —real
O-xﬂ’ O-ya’l’ O-xy,z

for the macroscopic virtual experiments:

‘ NEEEE
| |

horizontal tension vertical tension simple shear
Then the average error for each virtual experiment is computed by

T = \ %Z[ry)]Q with Tj(-i) =7 (%Almax/l@ and j =z, vy, 2y.
i=1

As a comparative measure we define the overall average error
F= 1(?2+? +72,)
g 'z y zy)
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Considered Types of SSRVE Construction

Type | Type |l

1 inclusion 1 inclusion
Nsp = 3

2 inclusions 2 inclusions 3 inclusions
Ngp = 6 Ngp = 8 Nsp = 9
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Construction of SSRVEs based on Ly, Lsp and L p

Objective function for ng,, = 3 with wy = wSD — 1 and wrp =10 :

Nz 2
l SSRVE
Lev) = wyLy + wsp > Z (&5 (m, k) = PERRY F (m, k)
N, Ny
Lsp
1 & l SSRVE 2
rea
twrp Gy Z Z (7’ —Prp  (m ,k,’Y))
L] L] [l ELP

SSRVEs from the optimization:

Target (155,282 dofs) Type | (2754 dofs) Type 1l (2462 dofs)

Type 111 (2814 dofs) Type IV (2962 dofs) Type V (3534 dofs)
DUISBURG Dr.-Ing. Daniel Balzani, Institut fiir Mechanik A, Universitat Duisburg-Essen
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Comparison of Mechanical Response (Lv, Lsp, L1p)

Errors of the virtual experiments:

SSRVE L [1079] Ly [107°] Lgp (1074 Lrp 107°] nee 7Tz (%] 7y (%] Tay [%] 7 [%]
I 39.41 238.05 230.96 139.38 656 1.16 £029 1.58 +£039 3.34 £091 2.24
[l 8.66 8.82 62.87 22.81 670 0.26 £020 2.24 +052 0.41 +£022 1.32
V 4.22 1.42 36.62 5.41 850 1.12+035 092 +026 1.10 4023 1.05
[ 9.29 14.90 71.31 20.08 582 8.24 +£210 2.10 £031 7.45 £ 287 6.53
IV 3.70 4.33 33.88 2.73 708 2.22 £080 4.89 +1.24 243 £122 3.40

Mechanical response and errors
Horizontal tension Vertical tension Simple shear
- 550 550 275
‘© 500 500 e e e T
1 O N s A I RN R R R R R —225 g
I R B R S o i TEOL e T o
g Bl s #571 Ee s I e
R arget uunnnn \“\' ! arget unnumnn > arget nnuwnn
o 1530 ; 5 I 187350 I 18 150 Ly !
0 N — N — 3 n —
v 300 IV s 300 [ YA 125 IV s
T 250 Y= 250 ‘ Y — 100 Y=
n
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Al /Ta0 Aly /1y 0 A [ly o
Horizontal tension Vertical tension Simple shear
0.2 |‘ 02 |‘ 0.2 |‘
I I I
015 - N 015 - N 015 - N
n V —— VvV — V ——
o & o1 S 01 g o1
o
0.05 0 N 005 | o
0 ,..&‘*L‘“m ~"‘ lllllllllllll ; 0 ] ; A i f 0 L&% ?ﬂ“\‘\m ;
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
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Bauschinger Effect: Real Structure vs. SSRVE Type V

Bauschinger factor Numerical Computations
Ao Real Structure SSRVE Type V
600 600
500 P 500
400 400
300 I/ 300 I/
— 200 w200
a 100 [ a 100 [
;Ed 0 ’ ;Ed 0 I
Ao el | [ ] e |
........................... o' - -
LI -300 /’ -300 /’
-400 | -400 —
-500 -500
-600 -600
-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 9 9.01 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 9 9.01
------------------------------ or Alg /1y 0 Alg/lz0
_ —44743 __ _ —440—-3 __
Stress distribution at maximum compression
: N LY S+ %
with PSETAR L ’f‘}_ Sig1 > Sig11
P il adoonaiig < -250 -250
o = 0'11(—0.05) Nt . e g 2% '-300 '-aoo
e P | | 30 © 350
e IR ke s s -400 -400
orr = 0'11(—0.05 + 0.002) e e i L) 450
Foms et ) B 500 - -500
e ‘:2- A I -550 ‘ -550
PP SRR T e -600 ( -800
é,_"f‘""' ?#’_':'-i -650 -850
WP TR Lo ':‘gi"g‘ -700 -700
Fx s e N e .-750 — .-750
°vi s ::é,“ _ ;5— ;;,(‘ -800 -800
Lo 5. Swe a3 Fo =
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Simulation of a Radially Loaded Circular Disc with a Hole

P ~ Horizontal tension
- N 550
(0] vonMises 450
/
A 400 PROSEALE

/ p— N 600 — T
/ RN . !540 350 et

300
480 =250
420 200
360 150 E
100

: mOV|e | | 300 50 & FE“ - real mlcrostruc nwwnn |
I

macroJ2 astl

240 0% ‘ P

\ \ ; I 180 0 001 002 0.03 0.04 0.05 0.06 007 0.08
\

\
. N L ) 120 . _ Dla/lao
. ~ P , 60 Vertical tension

50 ¥ FE - real mlcrostruc |
macro J2 plasti

Macroscopic BVP Macroscopic Comp. O 007 0,02 0.03 004 005 006 007 0.08
Aly/ly 0

er,=2cm, r, =4cm Finite J2 plasticity: Simple shear
e 252 quadratic triangular f — (2)0307000-0 MPa Tzzz e
£ 175 pon ot = —

elements (3 gp's) v — 230.0 MPa Zs e
e 564 nodal points Yoo = 436.0 MPa S1o0 €

. . . . 50 nunnn
e plain strain simulation n =167 sf P e
h 7-01“[Pa; 0 001 002 0.03 0.04 0.05 0.06 007 0.08

Adjustment of “simple” constitutive model to experiments is not satisfying
— Incorporation of microstructural information seems to be necessary
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FE2-Simulation of a Radially Loaded Circular Disc with a Hole
(SSRVE Type V)

——————

P 2 AN
P ~
/ \ N vonMises

500 .
540
480 vonMises
420 1000
360 875

| 300 750

| 240 . ‘ - Bo5
180 500
120 | § 1
60 ‘ 250
0 E 125

J 0
- o - v_ - - |
movie

v V =

vonMises vonMises

1000 1000

B =

’ ~ | 750 ~ | 750

L | | 625 | ] 625

s100) - 000
' 375 "y . 375

\ 250 250
E E
- O . 0
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FE2-Simulation of a Radially Loaded Circular Disc with a Hole

o, - reduced radial displacement: v = 0.0112 cm

™ 0.020 _
2 _ parallel computation (ParFEAP, 8 cores)
0012

0.010

0.006 —target FSSRVE
B N L G (@)

|| 0.002 TUUM(w) o _target —
0.000 max |0, 5/ (a;)

with ¢ =1...3

— Stresses obtained from the target structure and the SSRVE are similar

Target structure: SSRVE (Type V):

e 38,594 quadratic e 350 quadratic
triangular elements triangular elements

e 3,534 dof’s

e periodic bc's

N\
«mmmwﬂﬁ@

e 155,282 dof's DR
e periodic bc's

Factor of computation period : ttt"“i‘*t ~ 200
SSRVE
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Acquisition of EBSD-FIB Data

(Cooperation with Prof. Dr. Dierk Raabe, Max-Planck-Institut fiir Eisenforschung, Diisseldorf)

Crystal orientations Image quality 2D phase
. : - reconstruction

.:_ =%

©D. Raabe, MPIE

< NI Y
ND f
Discretization (8.5 mio. dofs) Tension test (3D vs. 2D)
400 s aver 20 ——
350 SO SO L
u““““yf
“““\\““‘/
< 300 Py
& 250
200 W

0 i i i
0 0.005 0.01 0.015 0.02 0.025 0.03
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3D SSRVEs based on Generalized Ellipsoids

3D SSRVEs are generated with ellipsoidal inclusion ba§ed on Superellipsoids
d | s« DP=2

3 <|vi.(>;i— Xc)!>pi 1 | 2 :

1=1

Restrictions:
= exponent p = 2 for convex and smooth ellipsoids

= equal semiaxis r9 and r3

Parametrization of Ellipsoids

Center coordinates Rotation by Ellipsoid with semiaxis
Y= [x&ymzm 97907 ’I"o,a]
Az Az Az
vi =vi(0,¢) ri =2
QA
Y y ' (v y
1/ ¢
- - T/ a
(CU67 Yc, ZC)

B | -
X X
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Results for SSRVE with 2 Inclusions
Target structure Rel. error: Spect. Dens. Lineal Path

Relative error

4 min=0.0028
3 max=0.4716
1>°\”3>\ ~<?*°K1 min=1.6- 10
S max=0.0315
Y X \ ‘ ‘ L T
X min vgzlue s X max value
SSRVE: 2 Ellipsoids _ SSRVE £ [107?] Ly (1074 Lgp 1077 Lrp 1074 7l
2 Ellipsoids ~ 6.484 448.5 12.84 0.714 1889

o Parametrization: v = [z, Y, 2¢, 0, @, 70, a

Relative error of Mechanical Response

005 o7 — 005 55— relative error at each evaluation point %:
0.04 0.04 —real _ —SSRVE
(4) x,i x,1
0.03 0.03 ry =
s R Ereal
0.02 e 0.02 _— T,
0.01 0.01 7o = 0.0163 4 0.0066
0 0 7, = 0.0147 £+ 0.0068
0 0006 0012 0018 0024 0 0006 0012 0018 0024
Alg/ly 0 Al/T,
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Results for SSRVE with 3 Inclusions

Target structure Rel. error: Spect. Dens. Lineal Path
é\ Relative error
P ~ 1~ _~min=0.0019 I
3 T max=0.6387 Lise
o ! min=0.0011
e max=0.0584
Y x [ ] ] I
X rrTin vgzlue s X max value
SSRVE: 3 Ellipsoids _ SSRVE  £[107% Ly [107% Lgp 1077] Lpp 1071  nele
3 Ellipsoids 11.686 1.113 14.454 10.229 3176
€ Parametrization: v = [z, Y, 2¢, 0, ©, T0, A
Relative error of Mechanical Response
005 o3 —— 005 o3 —— relative error at each evaluation point %:
0.04 0.04 —real  —=SSRVE
(i) _ x,1 T, ‘
§0.03 30.03 ’l"m = Ere{il
0.02 0.02 T,
0.01 0.01 i:aj — ().()].].E} :i: ().()()5353
0 0 — 1 71, = 0.0018 & 0.0015
0 0.006 0.012 0.018 0.024 0 0.006 0.012 0.018 0.024
Alz/lg 0 N
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Results for SSRVE with 5 Inclusions
Target structure Rel. error: Spect. Dens. Lineal Path
o Relativg error
max=0.4360 : , Projection

S ] ﬁ o

.....

N min=1.7- 107
max=0.0286

Y x [ ! \ 1 T T
0.1 0.2 0.3 04 05 06 0.7 0.8 0.9

X min value X max value

SSRVE: 5 E"ipsoids SSRVE L [10_2] ﬁv [10_4] ESD [10_3] Lrp [10_4] Nele
5 Ellipsoids 3.072 172.4 12.84 0.5586 5709

o Parametrization: v = [z, Y, 2¢, 0, @, 70, a

Relative error of Mechanical Response

005 o5 — 005 o5 — relative error at each evaluation point %:
0.04 0.04 —real _ —SSRVE
(4) T,1 T,1
0.03 0.03 Ty =
s R Ereal
0.02 - 0.02 T,
0.01 0.01 72 = 0.0154 & 0.0072
0 0 r, = 0.0102 4+ 0.0051
0 0006 0012 0018 0024 0 0006 0012 0018 0.024
N NN
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Comparison of Mechanical Results: Target vs. SSRVE

SSRVE  L£107?%] Ly 1073 Lgp [1077) Lrp 107°] nee  Ta [%] P % T (%)
2 Ellipsoids 6.484 4.485 12.84 7.139 1889 5.03 £ 2.08 1.49 £+ 0.67 3.71
3 Ellipsoids 11.686 0.011 14.454 102.29 3176 4.63 &= 1.95 0.19 + 0.16 3.28
5 Ellipsoids 3.072 1.724 7.622 5.856 5709 5.04 +=2.1 1.03 +£ 050 3.64

tension x direction tension z direction
Y 400 400
8 350 g ‘-'l‘,l..l:-‘l‘x:‘m‘-‘*““ i 350 MJ&.".‘,H.‘,‘J‘. LAY
o ‘“““\\\l“l\:}.\‘.‘.ﬂuﬂ""“""“m - L \U}A‘JL‘M-‘L\“
2 ﬁgog ittt ﬁ;og ey \
_ gz“j 5 5 I3 5 5
_g :200 § %200 f-‘;
c § 150 [ > 150 13
S_—“ 100 f target wnnnn | 100 3 target wnnnn |
O E no. 5 —— H no. b —
) 50 § no. 50 : no.
e 0f No. 3 wemswn 0% No. 3 wemswn
0 0.006 0.012 0.0}8 B 0.024 0 0.006 0.012 0.0187 70.024
NPV Alz/lz0
0.1 0.1
0.09 | 193 — 0.09 | 193 ——
0.08 | no. 3 e 0.08 | no. 3 s
0.07 0.07
o) 0.06 // 0.06
- 8005 L e 20.05
(O]
o 0.04 0.04
> 0.03 0.03 /{\.\ """"""""""""""""""""""""""""""""""
= 0.02 ff 0.02}
O 0.01 £ 0.01 |/
GL) 0 \44‘/" ,X\’\.
0 0.006 0.012 0.018 0.024 0 0.006 0.012 0.018 0.024
Alz /Ty ANlz/l; 0
—real  —=SSRVE
. . . .. ('L.) ‘,L.,,l: O-.I‘,Z
relative error at each evaluation point i: r\" = — :
O
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Example: Simulation of the Nakajima Test

Specimen geometry Forming Limit Curve
shaft length
. Y
. each test piece leads  \\fic _ _
\ to one point on FLC X = minor true strain
| - 3y = major true strain
e ) I rbeler;;\al!nvlvri]gth % X 1 = uniaxial tension
? 2 = plane strain

V 3 = biaxial tension

Fillet radius = 20-30mm

Nakajima forming method

© lubrication layer

Boundary Value Problem
e 340 quadrilateral shell elements

e 397 nodal points

e disp. bc's at both ends

N 1 .

S1: -400-322-244-166 -88 -10 68 146 224 302 380

e penalty contact for punch

e Jo Plasticity model

(Drawings taken from 1SO/DIS 12004-2) Details on the shell formulation see
WAGNER & GRUTTMANN, [JNME(64), (2005)
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FE2-Simulation of the Nakajima (on-going work)

Specimen geometry Forming Limit Curve
shaft length
. Y
- each test piece leads  \\pLc
[ \ to one point on FLC
f remaining %
7777 | blank width K,

" Fillet radius = 20-30mm

Nakajima forming method

lubrication layer

Macroscopic BVP

° i is computed to use symmetry

conditions at the macroscale
e 4 x 2111 10-noded tetrahedral elements

e 5 evalulation points per element

_.: -300-245-190-135-80 -25 30 85 140 195 250
(Drawings taken from 1SO/DIS 12004-2)

X = minor true strain
y = major true strain
1 = uniaxial tension
2 = plane strain

3 = biaxial tension

| Eplw

0.013
0.011
0.008
0.006
0.004
0.003
0.001
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Computational Homogenization based on Statistically Similar
Representative Volume Elements

Conclusions

e Advantages of direct micro-macro transition approaches (FE?):

— no complex macroscopic material law required
— incorporation of microscopic field fluctuations
— indicators for failure initialization provided
— incorporation of further microscopic
mechanical phenomena is rather accessible

e But: method is computationally expensive

e Construction of SSRVEs leads to calculations
of significantly improved efficiency

e Three-dimensional SSRVEs for dual-phase
steels are enabled based on 3D EBSD/FIB
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