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Direct links

Mean-Field-Homogenization for Elasto-Visco-Plastic Composites

Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

Stochastic Homogenization of Composite Materials

Bayesian identification of stochastic MFH model parameters

Non-Local Damage Mean-Field-Homogenization

Boundary conditions and tangent operator in multi-physics FE?2

Computational Homogenization For Cellular Materials

Stochastic 3-Scale Models for Polycrystalline Materials

DG-Based Fracture

— DG-Based Multi-Scale Fracture
— DG-Based Dynamic Fracture
— DG-Based Damage elastic damage to crack transition

Non-local Gurson damage model to crack transition

Stochastic Multi-Scale Fracture of Polycrystalline Films

Smart Composite Materials — Shape Memory Effects
Multi-Scale Modeling of Nano-Crystal Grain Boundary Sliding
Stochastic Multi-Scale Model to Predict MEMS Stiction
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Mean-Field-Homogenization for
Elasto-Visco-Plastic Composites

SIMUCOMP The research has been funded by the Walloon Region under the agreement no 1017232 (CT-EUC 2010-
10-12) in the context of the ERA-NET +, Matera + framework.

The authors gratefully acknowledge the financial support from F.R.S-F.N.R.S. under the project number PDR T.1015.14
STOMMMAC The research has been funded by the Walloon Region under the agreement no 1410246-STOMMMAC
(CT-INT 2013-03-28) in the context of M-ERA.NET Joint Call 2014.
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Mean-Field-Homogenization for elasto-visco-plastic composites

* Multi-scale modeling

— 2 problems are solved
concurrently Material

@ Extraction of a meso-
scale Volume Element

« The macro-scale problem response Macro-scale
* The meso-scale problem (on :
a meso-scale Volume |
Element) <€ ’ )
BVP , i
* Length-scales separation
macro>>|— >>Lm|cro
For accuracy: Size of the meso- To be statistically representative:
scale volume element smaller than Size of the meso-scale volume
the characteristic length of the element larger than the
macro-scale loading characteristic length of the micro-
structure
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Mean-Field-Homogenization for elasto-visco-plastic composites

. . . N . .
« Incremental-secant mean-field-homogenization ¢ inclusions

— Linear Comparison Composite material
» Defined from unloaded state

— Solve iteratively the system
([ AE' = vyAel + v AE]
Ael = Ag; + Agpnload

J A€l = Agy + Agynlead

composite

matrix

Al = B¥(1,C3", C}"): A&l

Asl A" Agg

For elasto-plasticity: f(d%%,p) =0
&

e With the stress tensors

For elasto-visco-plasticity: Ap = g, (69, p)At

6, = 0% + C3": A&}

J

— For soft matrix response <o = <
. . . — SO0 Sry. — S0. r

. Remove residual stress in matrix A€ = BS(L Co ,Clr).Asg & oy = Cg": Agy

* Or use second moment estimates

a ¥ LIEGE April 2019 CM3 research projects 5 <l Beginning

université



Mean-Field-Homogenization for elasto-visco-plastic composites

* |ncremental-secant mean-field- A Ol
homogenization

— Stress tensor (2 forms) 21¢ ApN
O1/0 = O'Irfg + éls/ro:Aslr/o

O1/0 = C_IS/OO: A“5f/0

0
— Radial return direction toward residual > !
stress
 First order approximation in the strain eq
increment (and not in the total strain) - © f(0n+1xpn+1)
- Exact for the zero-incremental-secant ~ ° /\.  T~~.______- Ap = g, (o9, p)At
method

— The secant operators are naturally isotropic

@ ‘uelep
CSr = 3xelpvol 4 2 ﬂel —3 5 jvol

(6ns1 — OF°
< el?
_ A
CSO — 3KellV01 + 2 (:uel —3 K 5 p) IVOl
n+1
. 8
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Mean-Field-Homogenization for elasto-visco-plastic composites

* Incremental-secant mean-field-homogenization

— Second-statistical moment estimation of the von Mises stress
 First statistical moment (mean value) not fully representative

3

~ —dev, =dev

—eq _
5 Gi/0 : O1/0

O1p0 =

« Use second statistical moment estimations to define the yield surface

2eq _ | rdev.. 54
A 0111
A 0111
tr
On+1
2u¢'ApN

—e
(O-ngll pn+1)

------- Ap = g,(6°%, p)At

A
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Mean-Field-Homogenization for elasto-visco-plastic composites

« Non-proportional loading 100
— Spherical inclusions .080 - f3= &3
* 17 % volume fraction — == &33=2611=2E

« Elastic
— Elastic-perfectly-plastic matrix

O H-T (Lahellec et al., 2013)

120 | e MFH, incr. tg.
+ MFH, var. (Lahellec et al., 2013)
80 - MFH, incr. sec. C,*°
]
Q
240 .
I R & T
< |bm O E .‘ .;...,
O FFT (Lahellec et al., 2013) (e
45 1 MFH, incr. tg. Q-"""" 420 4 Y
+ MFH, var. (Lahellec et al., 201 I
—— MFH, incr. sec. C,%0 o
-70 . . . -80 . ——r
0 10 %O 30 40 0 10 g[O 30 40

5 A—
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Mean-Field-Homogenization for elasto-visco-plastic composites

» Elasto-visco-plasticity
— Elasto-visco-plastic short fibres
» Spherical
* 30 % volume fraction

— Elasto-visco-plastic matrix

4000
3000
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0
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-3000
-4000
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-0.06 -0.04 -0.02 _O 0.02 0.04 0.06
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® FE, inclusions

O FE, matrix
—— 1st-mom. incr.-sec. C,>° °
— = 2nd-mom. incr.-sec. C>'

G4, [MPa]

—— 1st-mom. incr.-sec. C,*° 1000
- = -2nd-mom. incr.-sec. C>'

¢= 106 [1/g]

0 0.01 0.02_ 0.03 0.04 0.05
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Mean-Field-Homogenization for elasto-visco-plastic composites

« Extension to finite deformations
— Formulate everything in terms of elastic left Cauchy-Green tensor

Reference Current configuration Current configuration
configuration at time ¢, at time 7,
Fn+1

F{n — F(‘f Fp

n—n

b,
by,

unload T
an Fn+1

Stress-free intermediate
configuration at

Virtually unloaded configurations

A
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Mean-Field-Homogenization for elasto-visco-plastic composites

« Extension to finite deformations J2(a)[MPa]
— Porous material: homogenized response e

596
550

J.(o)[MPa] 505
139
.
417 277
- 400 5/
2% 300
182 SN X
148 o O U 9
1 200 =
< 100
s | O FE 10% P
: O FE 25%
6 -100
-200 )
Q00O
300 QOO J2(0)[MPa]
J2(0)[MPa] _40 1500
1389 0.00 0.20 %0 1139
1258 — 1009
1133 c 885
1009 11 760

885
760

636
511
387
263
139

14

636
511
387
263
139

14
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Mean-Field-Homogenization for elasto-visco-plastic composites

 Extension to finite deformations J2(6)[MPa]
— Porous material: micro-structure evolution e87
596
J-(o)[MPa] gg(s)
414
518
484 393
417
383
350 "”’,/}‘
316
283
249
216
182
148
115
—MFH 10%
—MFH 25%
]2(0)[MP3]
J2(0)[MPa] 1500
1382
1500 1258
1382 1133
1258 1009
1133 885
1009 760
885 636
760 511
636 387
511 263
387 139
263 14

139
14
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Mean-Field-Homogenization for elasto-visco-plastic composites

« SIMUCOMP ERA-NET project (incremental secant MFH)
— e-Xstream, CENAERO, ULiege (Belgium)
— IMDEA Materials (Spain)
— CRP Henri-Tudor (Luxemburg)

« PDR T.1015.14 project (MFH with second-order moments)
— ULiege, UCL (Belgium)

« STOMMMAC M.ERA-NET project (MFH for elasto-visco-plastic composites)
— e-Xstream, ULiege (Belgium)
— BATZ (Spain)
— JKU, AC (Austria)
— U Luxembourg (Luxemburg)

* Publications (doi)
— 10.1016/].mechmat.2017.08.006
— 10.1080/14786435.2015.1087653
— 10.1016/j.ijplas.2013.06.006
— 10.1016/|.cma.2018.12.007
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Micro-structural characterization and simulation of
fiber-reinforced highly crosslinked epoxy

The authors gratefully acknowledge the nancial support from F.R.S-F.N.R.S. under the project number
PDR T.1015.14
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Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

Resin behavior (experiments UCL)

To used in micro-structural analysis
Behavior in composite is different
Introduce a length-scale effect

2.5

Viscoelasto-Viscoplaticity
Saturated softening

Asymmetry tension-compression
Pressure-dependent yield

- ® Exp. Lesser 1997

Exp. Hinde 2005
* Exp. Sauer 1977

-True Stress [MPa]

""" a=1 (Drucker-Prager)
—a=2 (Paraboloid)
- a=3.5

~ \
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Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

Material changes represented via internal variables

— Constitutive law P(F; Z(t"))

~~Isotrop. Hard.
------ Kinematic hardening

200;—Both hardening
« Internal variables Z(t") I e & saturated damage
. S .
— Multi-damage strategy % 150 & failure damage -~
— -~
P=(1-D5)(1—-Df)P ) e vf/ -------------
. . . . (2] / . e -
Resin model implementation: ©100 /
Iy
— Requires non-local form [Bazant 1988] o f
* Introduction of characteristic length [, H 507,:’1 g
« Weighted average: Z(x) = fVCW(y; x,1.) Z(y)dy 0 o | ‘ ‘
0 0.2 04 06 0.¢
— Implicit form [Peerlings et al. 1998] -True Strain
« New degrees of freedom: Z
« New Helmholtz-type equations: Z — 12 AZ = Z Local: no mesh
_ g convergence
— Damage evolution laws
Ds/f = Ds/¢(Ds/p, F(0), x5/7(0); Z(1), T € [0 t]) s /¢ E:;::;::;:
5 SRS
Xsyr(®) = max (7s (D) X
L Tsyp = Ua/p DVsyr = Vsyp €

LIEGE

université
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Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

* Resin model: hyperelastic-based formulation

— Multiplicative decomposition
F = FVe.F'P (Ve = FveT . Fve ]ve — det(Fve)

— Undamaged stress tensor definition
 Elastic potential yy(C¢)

« Undamaged first Piola-Kirchhoff stress tensor
dp(C®)
acve
« Undamaged Kirchhoff stress tensors

— In current configuration

0 (€®)
acve ’
— In co-rotational space

®FVT =207

P = 2F'e. Fvp "

T

=P -FT = 2F'¢. Fve

1 oY(C'e)

~ _ (ve , gpve
T=C"-F Jove

— Apparent stress tensor
* Piola-Kirchhoff stress

P=(1-D,)(1—-Ds)P

FVe RVe

cve = FveT . FVve

lr = Fve" . k- Fve”

\/ >

UVE

q ¥ LIEGE April 2019 CM3 research projects
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Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

* Resin model: logarithmic visco-elasticity
— Elastic potentials y;:

ve _Ki 2(yve Gi veyydev veyydev
$i(€') = 5 In(/*®) + = (In(C**)*": (In(C**))

— Dissipative potentials Y;

1
(@) + o o g

Y;(CY¢,q;) = —q;:In(C¥®) + 4_qui

18K;

r 2G; 1
sdev _ l (ln(cve))dev _ __ dev
q; 9 g; q;

l

. 3K © . e 1
tr(q) =—— In"(*) —~tr (qy)
l l

— Total potential y:

[ D7) = Yoo (€7 + ) [i(C7) + (€™, q))]

M .Fv T

| P=2F—
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Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

« Resin model: visco-plasticity 3”7~
¢— AP =0 - f/‘ \
— Stress, back-stress A \
@p=%-b ;
. : A
— Perzina plastic flow rule Iy
v wvp pvp _ L, \2OP
D'P = FVP . F'P ——<¢>P—t Initial
ield
— Pressure dependent yield surface Zfrface
[ b= <<peq>a_m“—1tr(p_m“+mgo
o m+1 o, m+1
Ot
m=— )
. Oc 2.5] =1 (Drucker-Prager)
— Non-associated flow potential —a=2 (Paraboloid)
tron 2 21 7a=3.5
P (o0 +5(2) -
— Equivalent plastic strain rate: g 1.5 * RN
- /DDW > N
v [+ 202 1 ® Exp. Lesser 1997
P Exp. Hinde 2005
_9-2p 0.5 * Exp. Sauer 1977 N |
" =18+ 28 6 -4 -2 0 2

A tr (@) /o,
v LIEGE April 2019 CMS3 research projects 19 <‘ Beginning
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Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

Resin model: saturated softening

Damage evolution
Dy = Hg(xs — XSO)CS(DSOO — D) xs
Xs = mlaX(XSO' )75(7))

200 o
Pure resin uniaxial

tests

|—\
Ul
o

-True Stress [MPa]
o
o

_ _ -=-Experiment
VS—ZEAVSZV ______ Dp_02
. . Soco T .
— Calibration — Dgo, = 0.31
« Several hardening/softening combinations 50 ~Dsoo = 0.51
* Requires composite materialtests ' ¢ . Dgoo = 0.62
— Length scale effect 0 ‘ ‘ ‘ ‘
I = 3um (1 Dy ) 0 0.2 0.4 0.6 0.8
s = - -True Strain
Dseo 240 _
— Non-local BC at fiber interface [#;] = 0 = Composites ...
o L — -
y 0.5 = 180
I @ Experiment
4 --Experimen
1200 /7 Dyoo = 0.2
v — Do, = 0.31
0.25 = o60 /S Dso, = 0.51
.......... DSOO — 0.62
0 0.02 0.04  0.06 0.08
. 0 O -True Strain
t HE&E April 2019 CM3 research projects 20 Beginning



Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

* Resin model: failure softening D A DA
— Failure surface =
_ tr(7) n
¢f=y—aexp(—b3feq>—c %
{1 ¢f—r<0;7=0;and 7(¢py —7) =10 =

yp= 7 \

— Damage evolution l -True Strain
[ Dy =He () (1-Dp) sy
Xy = max (Vf(r))
| 7= v =
lr =3 pm Vo?r -N=10

— Affect ductility

A
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Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

* Resin model: failure softening (2)

— Damage evolution
: 4 ~la .
Dr = He(xs)" (1= D) ™ 1s

Vr = U AV =¥y

— Calibration
* Recover the epoxy G,

* From localization simulation
G.A = Yend . YIOC
C

300

| (um)

.
T
0

|

T

"~ 200

YA Total failure

Loading path
- gp

Yend

_______ Localization
Unloading paths\_ | °"S€t

Yloc .

300

April 2019 CM3 research projects
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Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

: . 250 7
* Resin model: Validation 410 s Num.
— Compression without barrelling effect  2gg | 410 ° s Exp.
— 410 * s Num.
% 150 410 * s Exp.
— 410 2 s Num.
O 100 410 2 s Exp.
& | 410 2 s Num.
® 410 257 Exp.
= 90 410 "5 Num.
' . 410 s Exp.
0 . 15 2.
250 [.-.-. No friction
— With barrelling effect — Friction 0.07 ,
200 Friction 0.15 AN
Y = + Exp. PTFE film X
0.08 o A -._
S 150 o Exp.wo PTFE #ﬁ: !.
+ ' 1
7 =
£100¢
n
04 S 50
‘:. =
| 0l | | | | | | | |
0 0] 0.2 0.4 0.6 0.8.
True Strain

5 I Fath A—
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Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

Composite model: Extraction of G,

110 .
° ®
®
100+
|
S
— 90
&
80 ' o o
[ J
‘ ‘ L ‘
70 0 20 40 60 80
. RVE length [um]
= * LIEGE

b université

160 20 pm X 20 um
20 um x 40 um
‘T —-—- 20 um x 60 um
% 1207 g 20 um x 80 um
% & i
£80 & i
m ,._"_I-i /
v i
= 40 / Eil
/ £
/ R S
O0 0.02 0.05 0.075 0.1
True Strain
8 .
20 um x 20 um
— 20 um x 40 um
s 6 —-—- 20 um x 60 um
S 20 um x 80 um
2 4 g e R S e
M
= 2 T
J
® 40 80 120 160

True Stress [MPa]
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Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

« Composite model: Validation
— Compression test

D, 240
0.5 -
&
a --Exp. 102 s?
g 120 .......... Num 10-2 S-l
0.25 7p -=Exp. 10-3 s~1
S a0l - Num. 10-3 s~
= -=-Exp. 10-4 51
0 o . | ----- Num. 10-4 s~1
0 0.02 0.04 0.06 0.08
-True Strain
« PDR T.1015.14 project
— ULiege, UCL (Belgium)
e Publications
— 10.1016/j.ijsolstr.2016.06.008
— 10.1016/[.mechmat.2019.02.017
25 _Beginning
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Stochastic Homogenization of
Composite Materials

STOMMMAC The research has been funded by the Walloon Region under the agreement no 1410246-STOMMMAC
(CT-INT 2013-03-28) in the context of M-ERA.NET Joint Call 2014.
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Stochastic Homogenization of Composite Materials

« Multi-scale modeling
— 2 problems are solved concurrently
« The macro-scale problem Material
» The meso-scale problem response
(on a meso-scale
Volume Element)

@ Extraction of a meso-
scale Volume Element

Macro-scale

< ’.
BVP (L\i

» For structures not several orders larger than the micro-structure size
macro>>|—VE> Lmlcro

— T

For accuracy: Size of the meso- Meso-scale volume element no
scale volume element smaller than longer statistically representative:
the characteristic length of the « Stochastic Volume Elements

macro-scale loading

27 <1 Beginning
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Stochastic Homogenization of Composite Materials

 Material uncertainties affect structural behaviors

N

\ Probability

N

N

7

EFibers

\ Probability

N

N

7
matrix

E
\ Probability

A

7z

Fiber orientation

()

Probabilistic homogenization

N

\ Probability

A

Composite stiffness

I
Homogenized
material properties
distribution

Loading

N

\ Probability )

Stochastic
structural
analysis

N
Failure load
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Stochastic Homogenization of Composite Materials

* Proposed methodology for material:

— To develop a stochastic Mean Field Homogenization method able to predict the
probabilistic distribution of material response at an intermediate scale from micro-
structural constituents characterization

—_— — —_—

Micro-structure SVE Stochastic Stochastic
stochastic model realizations Homogenization MF-ROM
4 4 PDF % S
3
2 HQ\ e pstress

e é_ re[um] 5
- [ 24283236 | O((z =/

+PDF %O R

g X strain
J
1 d[ é
pm]

0 —>

q 'I LIEGE April 2019 CM3 research projects 29 <l Beginning
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Stochastic Homogenization of Composite Materials

* Micro-structure stochastic model
— 2000x and 3000x SEM images

— Fibers detection

2pm' Mag= 2.00KX Signal A=SE1 Date 17 Sep 2016
H by 1 WD =125 mm EHT=2000kv  Time 74441 |
|

A

q ¥ LIEGE April 2019 CM3 research projects 30 <‘ Beginning
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Stochastic Homogenization of Composite Materials

Micro-structure stochastic model

— Histograms of random micro-structures’ descriptors

I Generated Micro-sthucture |
Vel

[ SEM image d2nd

dlst in pm

080 0.5 1.0 15 20 25 30 35 40 45

3.5} I Generated Micro-structure 3.5
3.0/ =] SEMimage 3.0
2.5 2.5
g oy
5 2.0} S 2.0
3 3
©1.5¢ ©1.5
o o
1.0} 1.0
0.5 0.5
0.0 24 26 28 3.0 32 34 36
Fiber radius in um
2.0 . ‘ ; :
[ Generated Micro-structure 0.25!
1 SEM image
1.5
0.20}
g by
§ 1.0 E 0.15
2 o
a a 0.10
0.5
0.05}
0% 2 4 6 8 10 12 0.004,

Y

LIEGE

-3

I Generated Micro-structure |

1 SEM image

-2 -1 0 1
"ngi in-radian

université
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Stochastic Homogenization of Composite Materials

* Micro-structure stochastic model

— Dependent variables generated using their empirical copula
SEM sample Generated sample

Directly from
copula generator

Statistic result from
generated SVE

0.0 0.1 0.2 0.3 0.5 0.6 0.7 0.8

0.4
LIEGE dus =
- P . . z =
E Uiversite April 2019 CM3 research projects 32 Beqginning




Stochastic Homogenization of Composite Materials

* Micro-structure stochastic model

— Dependent variables generated using their empirical copula

- -

-

Fiber additive process

1) Define N seeds
with first and
second neighbors
distances

Generate
neighbor with its
own first and
second neighbors

2) first .

_______

distances

Generate second Seed k

3)

neighbor with its
own first and
second neighbors
distances

Change seeds &
then change central
fiber of the seeds

4)

NS ="

______

S -

— -

-

S -

LIEGE
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Y
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Stochastic Homogenization of Composite Materials

 Micro-structure stochastic model
— Arbitrary size
— Arbitrary number

3.5}

3.0t

Probability
—
wn

0.0

— Possihility to generate non-homogenous distributions

2.5¢

N
(=)

=
(=)

0.5}

I Generated Micro-structure
1 SEM image

26 28 3.0 3.2
Fiber radius in um

3.4

3.6

1 * LIEGE April 2019 CM3 research projects
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Stochastic Homogenization of Composite Materials

« Stochastic homogenization of SVEs

— Extraction of Stochastic Volume Elements
2 sizes considered: lgyg = 10 um & Ilgyg = 25 um
Window technique to capture correlation

E[(r(x) — E@))(s(x + 1) — E(s))]
\/IE [(r — IE(r))Z] \/[E [(s — IE(S))Z]

— For each SVE
Extract apparent homogenized material tensor Cy

1
EMm — m—[wgmda)

1
< oM = mjwamda)

60‘M
CM -
\ duy @ Vy

Rys (r) =

(

« Consistent boundary conditions:
— Periodic (PBC)
— Minimum kinematics (SUBC)
— Kinematic (KUBC)

SVE (x,

a
A 4

q ¥ LIEGE April 2019 CM3 research projects
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Stochastic Homogenization of Composite Materials

« Stochastic homogenization of SVES
— Apparent properties

0.20 . ‘ . . . 0.45 ‘ . . . ‘ .
lsyg = 10 ym WM PBC 0.40llsve = 25 um EEE PBC
EEE SUBC

KUBC |

0.35|
2 0.30}
Q
Q.25
>
= 0.20}
0
380.15!
o
T 0.10}
0.05/
0.00
E, GPa E, GPa

o
=
w

Probability Density

Increasing lsyg /

When [y increases

» Average values for different BCs get closer (to PBC one)
» Distributions narrow

» Distributions get closer to normal

A
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Stochastic Homogenization of Composite Materials

Stochastic homogenization of SVEs
— Correlation study

1.0

0.8}."
0.6
0.4/
0.2|
0.0|
-0.2|

-0.4

LIEGE

' . Crossl-corre‘lation | . 1.0 | . Cross;corre]ation . ,
' lSVE = 10 um Ex - Ey | 0.8 ..‘\\\ lSVE = 25 ‘le Em — Ey

""" E, — E, .
— E, - Uy
— E, - Hzy |
--- E,-V;

- : : ‘ ‘ : -0.4 : : : : : :

0 5 10 15 20 25 30 35 0 10 20 30 40 50 60 70
Distance in pum Distance in um
Increasing lgyg /

(1) Auto/cross correlation vanishes at t = lgyg
(2) When lgyg increases, distributions get closer to normal

(1)+(2) Apparent properties are independent random variables
However the distribution depend on

lSVE

« The boundary conditions

A
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Stochastic Homogenization of Composite Materials

Mean-Field-homogenization (MFH)

Linear composites

~
oM

Il
Ql
Il

VpOy + V107

v, EMm €= Vo&g + V&

& = ]BS(I, «:0 ,(CI ):80

Consider an equivalent system

For each SVE realization i:

-+ Cy and v; known

— Anisotropy from Ci;

LIEGE

université

./ 0isevaluated

Fiber behavior uniform

.+ C, for one SVE

Remaining optimization problem:

o-/\

inclusions o

: ) ®o

i composite

| matrix @ =Yi @i

Equivalent
inclusion
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Stochastic Homogenization of Composite Materials

/ CM = CM(T, @0 ,@[ » UV 9) \
* Inverse stochastic identification :

— Comparison of homogenized @ ‘ C, |Fquivalent :
inclusion <~

properties from SVE realizations
and stochastic MFH ‘ ‘ _/

4.0 le—10 ‘ ‘ ‘ : ‘ 35 le-11 : .
15 I Direct FE Direct FE
' B Inverse MFH >0r Inverse MFH |
3.0+
2.5
>25} )
-+ et
= = 20
S o
g 2.0+ g
15F
e 15+ e
& &
1.0}
1.0}
0.5 05F
0.0 ‘ 0.0 L .
0.4 0.6 0.8 1.0 1.2 1.4 1.6 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
lel0 lell
Eﬂ: Ez 4_ €
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Stochastic Homogenization of Composite Materials

\

- . . A - .
 Incremental-secant Mean-Field-homogenization ¢ inclusions

— Virtual elastic unloading from previous state

« Composite material unloaded to reach the stress-
free state

» Residual stress in components

composite

el

Cr:

maitrix

— Define Linear Comparison Composite

. 1 1 Cel >
. “unload 1\ 0 €
From unloaded state Aginioad ;
r _ unload unload <~
A£I/0 - A£I/O + A":I/O ASM Asunload
0
* Incremental-secant loading o inclusions
I
oM = 0 = V30 + V|0 :
R composite
Agy = Age = vyAgy + viAg] _
9 M oTFo T T matrix
Agf = B(1, C3, C7): A€ _
. | i
* Incremental secant operator |
S S ¢S e - AN -
s Aoy = Cy (1, C3, €7, vy): Agly Ag] / \Fo ! €
Agy —
Agj

:I-Lu‘s E - - Seainni
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Stochastic Homogenization of Composite Materials

* Non-linear inverse identification c ) inclusions
— First step from elastic response

composite

| S .
 CS; mautrix

@ Cy Equivalent
inclusion

9 S v
€3 = C3(R(Bo); € 80
— Second step from the LCC S 60
* New optimization problem E
Aoy = Cy(1,C5, CF, vy, 0): Aely ~40]
: P ‘Q +  Effective Matrix
« Extract the equivalent hardening R(p,) from the =~
_ q J P ‘& 20/ Linear EXP
incremental secant tensor _ Matrix (EXP)
S = CS(R(py); € : . . .
6(R(Po); €5) 800 002 004 0.6
Po

N A—
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Stochastic Homogenization of Composite Materials

« Non-linear inverse identification c8l ~ €&, Cg, €&, vy, 0)
/’ M Co', G \ \

— Comparison SVE vs. MFH
@ C, Equivalent
inclusion

zgzoo .“..‘.,:;.,-.-.::1"'""‘:‘i‘;‘g‘ §§\\\\\ Wi&&\\\\\\\\\\\\
5 \\\\\\\\\\\\\\\\\\\\\\ ......... ) \\\\\\\\\\\\\\\\ ______
8.50\\ 0.02 0.04  0.06 (9.3:\\\\\\\ 0.02 0.04 0.06

< A—
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Stochastic Homogenization of Composite Materials

. . . N . .
- Damage-enhanced Mean-Field-homogenization ¢ inclusions
— Virtual elastic unloading from previous state

« Composite material unloaded to reach the stress- k\fﬂ . composite
free state [V effective
» Residual stress in components i ~ matrix

matrix
— Define Linear Comparison Composite
* From elastic state

— ¥ V(1 —Dy)Co
Agl,, = Agy/o + Aglload ASunloadel <"1; P e
1/0 1/0 1/0 I Ag) OaAsgnload

» Incremental-secant loading

N
- o
OM = O = V30 + V0]
) Agy = As = vyAgf + vAg] .
Ael = BE(1, (1 — Dy)C3, €} ): Aef COMPOSIte  effective
4 : ‘ r_n.atrix
~ | matrix
- Incremental secant operator |
DTS
(15 D)Ch ¢

s Aoy = Cy(L, (1 = Dy)C3, CF, vy ): Agly
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Stochastic Homogenization of Composite Materials

« Damage-enhanced inverse identification

— Comparison SVE vs. MFH

3001

N
o
o

Om11 in MPa

Om11 in MPa

Equivalent
inclusion

—/

&

1 — D,)Cs

(1 = Do)CS = (1 = Do(Po)) CS (R (Po); €5 7

300

=
o
o

N
o
o

Inverse_ MFH
Envelope of Direct_FE

....
\\\\\\
.....

LR

ot
ot
.

ot
.

A
A haets

"
.......
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Stochastic Homogenization of Composite Materials

« Generation of random field
— Comparison mverse |dent|f|cat|on VS. dlfoSIOﬂ map based generator

| 10 20 30
I = (MPa)
| 0o
|
| 0 500
: T /D (MPa)
ki /k
| K1,/ K1, .
: ~ * Inverse identification ]
' S 25 50 75
: Generated (o)
:kzo/kz0 V ‘
| 100200300 |
| D )k
| Mo/ g
|
|
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Stochastic Homogenization of Composite Materials

* One single ply loading realization
— Random field and finite elements discretizations
— Non-uniform homogenized stress distributions
— Creates damage localization

ﬁo[']; ngx = 26%
0.025 0.05 0 0.025 0.05
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Stochastic Homogenization of Composite Materials

* Ply loading realizations
— Simple failure criterion at (homogenized stress) loss of ellipticity
— Discrepancy in failure point

250

200}

| —
U
o

(B Vill in MPa
[
o
o

(9
o

P00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

EnM11
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Stochastic Homogenization of Composite Materials

« STOMMMAC M.ERA-NET project (MFH for elasto-visco-plastic composites)
— e-Xstream, ULiege (Belgium)
— BATZ (Spain)
— JKU, AC (Austria)
— U Luxembourg (Luxemburg)

* Publications (doi)
— 10.1016/j.compstruct.2018.01.051
— 10.1002/nme.5903
— 10.1016/j.cma.2019.01.016

:I-Lu‘s E - - Seainni
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Computational & Multiscale
Mechanics of Materials CM3

www.ltas-cm3.ulg.ac.be
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1.5 . . 0.010F — 50% CR
| - Elzlf] - il
8 (m) a 0.008F i :
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Bayesian identification of stochastic Mean-
Field Homogenization model parameters

STOMMMAC The research has been funded by the Walloon Region under the agreement no 1410246-STOMMMAC
(CT-INT 2013-03-28) in the context of M-ERA.NET Joint Call 2014.
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Bayesian identification of stochastic MFH model parameters

« Multi-scale modeling

— 2 problems are solved concurrently

« The macro-scale problem Material
response

@ Extraction of a meso-
scale Volume Element

Macro-scale

< ’.
BVP (L\i

* The meso-scale problem
(on a meso-scale

Volume Element)

Identification: Requires identification of micro-scale
geometrical and material model parameters

v LIEGE April 2019 CM3 research projects 50 <l Beginning
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Bayesian identification of stochastic MFH model parameters

* Proposed methodology

— To develop a stochastic Mean Field Homogenization method whose missing micro-
constituents properties are inferred from coupons tests

—_—

Micro-structure Multiscale Macro scale
partly characterized model response UQ
0.04 tPDF A GM[MPa]
0.03 | 200 0°
0.02 menf—. 150 450
0.01 a, L‘ -y J 1 90°
0- F ) - em [%0]
0 20 40 60 80 | 0 >
. > £ 01234
0_4“PDF 4“PDF -
0.3 3 4 ™
0.2 2 . ’
o 0 ! £ [GPa]
g g 0 g g B 2.4 2.8 3.2 3.6 ‘ -
Inference of missing Stochastic
microconstituents properties multiscale model
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Bayesian identification of stochastic MFH model parameters

* Fibre distribution effect
— 2-step homogenization

-’
“ = ||| - Pseudo (|"I' :11\ ( A |
I - s 7 |grains () ! '13("): M-T Voigt
PN EPON T R ) S et
Nl P'S B e A RN i) Q@ -
N ) ge @ o ) p

—  For uniaxial tests along direction 8: oy = oy (1@ ®)), €y, C; ; 6, em)
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Bayesian identification of stochastic MFH model parameters

* Fibre distribution effect
Skin-core effect

I‘/ 7
7’ I I

Pseudo

grains (k) of

layer (1)
—

7 (p®)

| s ’/
1 l P 4
' e
O = -
\ \ —— - IBS :H
R T

_ For uniaxial tests along direction §: om = om (I 1)), Co, C; 56, em)

A
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Bayesian identification of stochastic MFH model parameters

« Experimental characterization

Fiber orientation and aspect ratio (JKU) Composite material response (BATZ)
0.05 T T T
I Location #6, Plate #3 ( @ UG)

I [ocation #4, Plate #3 |

[ Location #4, Plate #6 .@ '@ E

004}l

__0.03F S Location #3, Plate #6 ||
S 0.02) ——— @) )
160
0.01}
140
: )
0.00 : ;
0 20 40 GO S80) 100 120
0.045 ! _a ] 1 ~
| 5 =3 06=0 g 100
0.040H i | R VT2 97 E
00350 B | 0=350=% ~ 80
: _ T T 1))
0.030} | |l =5 90=13| f-’_,
— (.025} 2 7 |
5 : ; ‘
= 0.020 | EEEERRRI. 40
0.015} 20
0.010}
0.005} 0
0.000 1 0 1 2 3 4 5
0 20 40 G0 R0 100 Strain (%)
ay ['] P
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Bayesian identification of stochastic MFH model parameters

« Assume a distribution of the matrix Young’s modulus

o -a)* 'y —b)F!
— Betadistribution  Eo ~Bapgap  with  Papap(¥) = (b — a)@*B+1B(q, B)

— Matrix Young 's modulus corresponding to experimental measurements

. Eé’cl) with n = 1..n.,4, for all directions and positions
— Bayes’ theorem

7Tpost(“r B,a,b |E0c) x T[(E0c|a» B, a, b)nprior(a )T[prior(ﬁ)nprior(a)nprior(b)
(M)a_lﬁae_ﬁ(y_;a)

» Priors: Tprior(X) = I g, q,c With lapac(V) =1
Ntotal
n=1
Ntotal
(@.B8,a,b]Eq) Ese’) Torior (@) Tprior (B)Tprior (@) Tprior (b)
B Tpost arﬁr a, | 0c ﬁa,B,a,c oc ) Tprior\& JTprior ﬁ Tprior \@)Tprior
n=1
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Bayesian identification of stochastic MFH model parameters

« Assume a distribution of the matrix Young’s modulus
Ntotal
— Inference: T[post(a;,B; a;blEOC) X 1_[ ,Ba,ﬂ,a,c (Eg;l)) 7Tprior(af )nprior(ﬁ)nprior(a)n'prior(b)

n=1

o = 1..np, With ny,,s the number of positions tested (5, positions #1-#5)

0.20 g } g ! 1 ! 2.0 { : : : ! ! !
5 | ? i A | — 95%CR
&} -
10 JT:] S N N | - MAPQS\EUv |
10a [GPa] ---  E[z|Eo]
e e EIO* """"""""""""""""""""""""""" - g ;
i< z f
......... 05 |
0 60 70 =23 5 6 7 8
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Bayesian identification of stochastic MFH model parameters

 Validation

* Perform stochastic homogenization from

— Evaluate stochastic response at Position 6 ( (3) )
@

N LJ
7Tpost(af: B' arblEOC) @

« From sampling of [«, 5, a, b], evaluate
Ey ~ ﬁa,ﬁ,a,b

« From sampling of [E,], evaluate composite response

Even = Even(10(0), a,), Ey , G ;5 6)

. . ~(6,]
- Compare with experimental measurements EC( 2

0.014 : , 0.009 j ; ; : 0.007 :

n) — Em — E™ . .
—_— E((,’ ! S SO 0{]08 I E(‘ _'-_:--_-}-- ().()()6 [. E( S SN SRR
B 95°% CR 0.007-| MM 95%CR| .. ... .. .. [ 95% CR

0.010H 3 50% CR [~ i=is 1 0.006L/C—0 50%CR| 0.005- — 50% CR e
0.008 % 0.005 ke 5 g 0,004 b e

0.012

M [GP&]

&}

a

: ! (O J0[0 2 S :
0,002} - gt# e Y| T« W W — LT S e S

; , é % % % 0.0
0008600 0.0002 0.0004 [0],0006 50008 00010 10000 0.0002 0.0004 [0].0006 5.0008 000100000 00002 0.0002 [()].0006 00003 0.0010!
F;\[ - E:‘” - é\l -
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Bayesian identification of stochastic MFH model parameters

« Extension to non-linear behavior
— More parameters to infer
« Matrix Young’'s modulus Ey
« Matrix yield stress 0y,
« Matrix hardening law
R(po) = h P(T)nl(l — exp(—m;py))
» Effective aspectratio a,

— 2-Step MFH model requires many iterations

* Incremental secant approach
@

OM = 0 = V30 + V0]
J Ay = Ae = voAgl + viAg]

Agf = BE(1, C3, €7 ): As})

...~ Too expensive for Bl

— Definition of parameters

o inclusions

composite

el .
I matrix

s%vcgl

I load 1
unloa
ASI <—
unload <
ASM A unload
€

o inclusions

composite

| S .
: Cs, madtrix

\%

— S | ;
Agf] ——> I/ \C§ ! £
Ael, +—— s

A€

A
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Bayesian identification of stochastic MFH model parameters

*  Speed up the evaluation of the likelihood 00

— Likelihood
. (o) |lem(t’ < t),9)]) 120

- With 9 = [Eq, oy, b, my,my, a,]

140

-
o
o

« 2-Step MFH model

omrr ()
= OMFH (I(‘/)(p): a,), Eg 40

Stress (MPa)

+ Too expensive for Bl 0 4

— Use of a surrogate

* onnw(t) = UNNW(EM(t);ﬁ» C; i9)
« Constructed using artificial Neural Network

n /"
« Trained fusing the 2-Step MFH model xl—>d

oymry (t)
= OMFH (1(1/J (p),a,), E,
, (CI y EM (t’ Xp—
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Bayesian identification of stochastic MFH model parameters

« Assume a noise in the measurements & use surrogate model
— Measurements at strain i in direction 6;:

150

(jd) _ (@) (o) . (0 e
Dy = ONNW (EM ,9, C; ,9]-) + noise(®) P
)k : N 100 ,@/ ,.——::;;@za======@=:'
(2079 [0, o] g P e
—/ N " - A
_ @D (L,),k) @) ), , = il
= TMhoise (Zc ~ ONNW (SM 9,Cp 9])) N 50 @é & 0-Degree
@ﬁ & 45-Degree
* J=Ll.ng,, with & <& 90-Degree
ng;, the number of directions 9; tested 0l : : . .
o / 0.00 0.0l 0.02 0.03 0.04
.« i=1..nY, with Em

n, the number of stress-strain points
.« k=100 with

test’

i'jg the number of samples tested at point i along direction 6;

(
Nyes

— Noise function from n; ; measurements at strain i in direction 9;:

1 2
T oiselod (YY) = —=———exp| — yz
noise . /27-[ O-Zgi‘j) ZO-ZEL'J')
— Bayes’ theory:

L RO (Y o
7Tpost(ﬂl"':'M:zc ) X nprior(ﬂ) H;lil Hi=1 Hktzlt T[I(llo]ige (ZEU - 0'15111\]]3\/ (81(\;]),19, C s 9]-)>
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Bayesian identification of stochastic MFH model parameters

 Results

J @5

20D nes . m
post('ﬂgM'z )‘xnprlor(ﬂ) Hndlr Hl oy | Py r(llojlge (ZE’U : f’lglNQv (81(\;])"9' C ;9]-)>

'q 'I LIEGE April 2019 CM3 research projects 61 <l Beginning

université




Bayesian identification of stochastic MFH model parameters

* Verification

j)) @5

O ! y m ’ ,
post('ﬂgM'Z )‘x”prlor(ﬂ) Hndlr Hl oy | Py 1'(1l0]12€ (ZEU : 01511& (81(\;])"9' C ;91'))

140- 1401
1201 120
o 100 o 1007
o (a
S 80 = 80
'E 60 - _E 60 - o 3 “";'.-,;.".'."...
404 40 - o Experiments
H Two-step
20 20+ M —— homogenization
0- 0 L

0.00 0.01 0.02 0.03 0.04
Em
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Bayesian identification of stochastic MFH model parameters

« STOMMMAC M.ERA-NET project (MFH for elasto-visco-plastic composites)
— e-Xstream, ULiege (Belgium)
— BATZ (Spain)
— JKU, AC (Austria)
— U Luxembourg (Luxemburg)

* Publications (doi)
— 10.1016/j.compstruct.2019.03.066

q * LIEGE April 2019 CM3 research projects 63 <l Beginning

université


https://doi.org/10.1016/j.compstruct.2019.03.066

Computational & Multiscale C M 3

Mechanics of Materials
www.ltas-cm3.ulg.ac.be

-450-
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450-
ply

Non-Local Damage Mean-Field-Homogenization

SIMUCOMP The research has been funded by the Walloon Region under the agreement no 1017232 (CT-EUC 2010-
10-12) in the context of the ERA-NET +, Matera + framework.
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Non-Local Damage Mean-Field-Homogenization

* Multi-scale modeling

— 2 problems are solved

concurrently Material
response

@ Extraction of a meso-
scale Volume Element

Macro-scale

< ’.
BVP (L\i

« The macro-scale problem

* The meso-scale problem (on
a meso-scale Volume
Element)

* Length-scales separation

macro>>|— >>I—I‘TIICI’O
For accuracy: Size of the meso- To be statistically representative:
scale volume element smaller than Size of the meso-scale volume
the characteristic length of the element larger than the
macro-scale loading characteristic length of the micro-
structure
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Non-Local Damage Mean-Field-Homogenization

« Materials with strain softening

— Incremental forms
* Strain increments in the same direction

Ag, =B?(1,C5%, C;"): 4g,

— Because of the damaging process, the fiber
phase is elastically unloaded during matrix
softening

WV

 Solution: new incremental-secant method

— We need to define the LCC from another stress

State

oA < @alg
< C,
1

inclusions
composite
; ~alg
G,
\\{/_,.

MV

ASI Ag ASO

inclusions
matrix

April 2019 CM3 research projects

66 <1 Beginning




Non-Local Damage Mean-Field-Homogenization

 Based on the incremental-secant approach

— Perform a virtual elastic unloading from
previous solution

« Composite material unloaded to reach the

stress-free state
* Residual stress in components

— Apply MFH from unloaded state
« New strain increments (>0)

unload

AS{‘/O - ASI/O + ASI/O

» Use of secant operators
Ag] = BE(1, (1 — D)C3", C0): A€f

« Possibility of unloading

Ag; >0

Ag; <0

0-/\

inclusions

< < <
As}mload Agunload Asgnload
o N\
inclusions

composite

' matrix: G

]
I
1
1
P
1
I
1
1

matrix: o
| ~ST >
o €
- \"4
Ag] AEr A€,
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Non-Local Damage Mean-Field-Homogenization

* New results for damage

— Fictitious composite
* 50%-UD fibres

— Elasto-plastic matrix with damage

200

150 -

100 -
‘c 50 -
(a
= 0 ——MFH, incr. t
o

——MFH, incr.

_50 _

-100 -

-150 ‘

0 0.05 0.1
&

< A—
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Non-Local Damage Mean-Field-Homogenization

. OAN
* Material models
— Elasto-plastic material K
- Stresstensor ¢ = C®.: (g — P!) /!
/
. Yield surface f(0,p) =64 —0¥ —R(p) <0 )/
/
af /
. Plasticflow A4g” =ApN g N=—— /!
0o ,
1 el
A\ C
— Local damage model - >
gP! £
« Apparent-effective stress tensors ¢ = (1 — D)6
» Plastic flow in the effective stress space G A
- Damage evolution AD = Fp (g, Ap) 9
/
— Non-Local damage model [peerlings et al., 1996] /

- Damage evolution AD = Fp (g, AP)

* Anisotropic governing equation p — I/ - (cg . Vﬁ) =D
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Non-Local Damage Mean-Field-Homogenization

« Laminate studies

— Bulk material law
* Non-local damage-enhanced MFH
* Intra-laminar failure
« Account for anisotropy
— Interface
 DG/Cohesive zone model
* Inter-laminar failure

—

lle

A
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Non-Local Damage Mean-Field-Homogenization

« [45°,/-45°,]s- open hole laminate (epoxy- with 60% UD CF)

Intra-laminar failure along fiber Inter-laminar failure matches
directions experimental results

Jamage (640/758)
45()_p|y 0.01 0.1 1

% * LIEGE - - i
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Non-Local Damage Mean-Field-Homogenization

« [90°/45°/-45°/90°/ 0°]s- open hole laminate
— Intra-laminar failure along fiber directions (experiments: IMDEA Materials)

o

90°-ply (out) -45°-ply 90°-ply (in) 0°-ply

= * LIEGE i - inni
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Non-Local Damage Mean-Field-Homogenization

« [90°/45°/-45°/90°/ 0°]s- open hole laminate
— Inter-laminar failure compared to experimental results (experiments: IMDEA Materials)

o

~90° (out) / 45° 450 | -450 -45°/90° (i) 90°(in)/0°
t LIEGE April 2019 CM3 research projects 73 Beginning
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Non-Local Damage Mean-Field-Homogenization

« SIMUCOMP ERA-NET project
— e-Xstream, CENAERO, ULiege (Belgium)
— IMDEA Materials (Spain)
— CRP Henri-Tudor (Luxemburg)

* Publications (doi)
— 10.1016/j.compstruct.2015.02.070
— 10.1016/j.ijsolstr.2013.07.022
— 10.1016/}.ijplas.2013.06.006
— 10.1016/j.cma.2012.04.011
— 10.1007/978-1-4614-4553-1 13
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Temperature (K)
5106 5126 LZX
| ee—

Boundary conditions and
tangent operator in multi-
physics computational
homogenization

Equivalent plastic strain

quivalent plastic strain Temperature (K)
0 0 0 [ 2zX 3157 316.8 LZX
 E— ;  re—

ARC 09/14-02 BRIDGING - From imaging to geometrical modelling of complex micro structured materials: Bridging
computational engineering and material science
The authors gratefully acknowledge the financial support from F.R.S-F.N.R.S. under the project number PDR T.1015.14
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Boundary conditions and tangent operator in FE?

* Multi-scale modeling

— 2 problems are solved

concurrently Material
response

@ Extraction of a meso-
scale Volume Element

Macro-scale

< ’.
BVP (L\i

« The macro-scale problem

* The meso-scale problem (on
a meso-scale Volume
Element)

* Length-scales separation

macro>>|— >>I—I‘TIICI’O
For accuracy: Size of the meso- To be statistically representative:
scale volume element smaller than Size of the meso-scale volume
the characteristic length of the element larger than the
macro-scale loading characteristic length of the micro-
structure
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Boundary conditions and tangent operator in FE?

« Generalized multi-physics representation
— Strong form P -V =20

— Fully-coupled constitutive law P = P(X¢,F; 2)
« F: generalized deformation gradient, X : fields appearing in the constitutive relations

e Z:internal variables

P 0P 0Z

9
- Tangent operators L = 7 & J = 2xC but also Yr = &yxc = ox¢

« Two-scale procedure

\

- e Microscopic
_(Ielnera |dzeI boundary
Hill-Mande conditions &

condition constraints
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Boundary conditions and tangent operator in FE?

« Generalized microscopic boundary conditions
— Arbitrary field k kinematics: XX = X% + Ff - X @\

— Constrained fieldkequivalence:f ckxt” dw =f Ckdw x5

(O wWo

Fluctuation

— E.g. periodic boundary conditions
Define an interpolant map
s = ) N (Xm)a
Substitute fluctuation fields
Wik (X5) = S'(X7) = Wi (X7)

® Boundary node

o Control node

/l\/ B e N

|

~7 r
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Boundary conditions and tangent operator in FE?

 Microscale BVP
— Weak formulation

~

Po-Vo=0  with Pn(CE, Frs Z)

X = Xng + Frp - X + WS

j ckxc” dwzj Ckdaw X5"
w

L 0 Wo

— Weak finite element constrained form (wy, =U, a)e

(f.(U,) —CTA=0

A

cum—s[TMC]=0
XM

"

— System linearization

Ve

of of 1 SF
T m T m ~T T M
——Q8U,, +r— QT ——CT(cCC r.—S =0
) ? aqu " ¢ 0Up, (cc’) ‘ SXG
5 0Fm| _ & _ T(ccT) !
| COUL +1c—S c =0 Q=1-C"(ccT) c
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Boundary conditions and tangent operator in FE?

Multi-scale resolution

— System linearization

i o Taf T T O0Fm _
QT QsU,, +r—Q U cT(ccT) ( S[axCD_

S[(S?g] =0 &

oUu,,

cou,, +r. —

M

— FEM resolution: §Fy :53(54:0

U, = —K™? <r + ( QT

— Constraints effect: r = r.=0

LIEGE

université

M

cT(ccT) ) ) ~

0

Q=1-CT(cc™)'c

Only one matrix to factorize

of
K=CcTc+QT—-0Q

0U,
ou
v A ( i el CON ) -~
0|Fy  xi]
Macro-scale operators at low cost
F 0Py 0Py [ 0Py, ge 0Pm ]
0F 63(161 B A 1 0F., oxXs dew ou,,
GZM GZM e V(a)o) wg OZm Be GZm e a[TM Xﬁ]T
C C
i a:7:'M a‘X‘M_ L a:]:'m a‘X‘m
A
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Boundary conditions and tangent operator in FE?

« Thermo-elasto-plasticity

(P = — P dw
V((U()) wo
dw
qm V((Uo) fwoqm
1
pMCvM

0Py 0P 0Py
0Fy ’ 619M’ 6V019M’
dqu dqm dqm
0Fy ~ 09M’ VoM’
9Dy 0Dy 9Dy

Py -V, = 0
pmCymIM =Dy +qum - Vo =0

Fvs VoOm, Ou
Macro-scale \

Microscopic
boundary
conditions &
constraints

I/

-

P, = Pm(Fmr VoUm, Om; p, FI‘II)I)
Odm = qm(Fm: VoUm, Om; p, Frg)

) ’ aWel
aFM 09w 9VoIm < _ . 9
\_ pot + 59
Pm : VO = O
LIEGE =

université
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Boundary conditions and tangent operator in FE?

R e Uniform distributed load qy = —10t (N/m?)
Thermo-elasto-plastICIty Uniform temperature T = Tj + 23t (K)

l

o ) : Symmetry
Therma_ll softening Dlane . ™ A 130 mm
hardening 7\ N
N >
7 = (0y + Hp) Y 600 mm \
(1 S T(T — TO)) X Uniform temperature 7' = Tj

quivalent plastic strain Temperature (K)

Equivalent plastic strain v Temperature (K)
0 00275 0055 |zX 510.6 5126 | zX 0 0 0 | ZX 318.7 3168 | zX
—— Lz e — Lz  ee— C ——

< A—
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Boundary conditions and tangent operator in FE?

« BRIDGING ARC project (Periodic boundary conditions)
— ULiege, Applied Sciences (A&M, EEI, ICD)
— ULiege, Sciences (CERM)

« PDR T.1015.14 project (MFH with second-order moments)
— ULiege, UCL (Belgium)

e Publications
— 10.1007/s00466-016-1358-z
— 10.1016/j.commatsci.2011.10.017
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Computational Homogenization For Cellular Materials

ARC 09/14-02 BRIDGING - From imaging to geometrical modelling of complex micro structured materials: Bridging
computational engineering and material science
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Computational Homogenization For Cellular Materials

» Multi-scale modeling

— 2 problems are solved

concurrently Material
response/

@ Extraction of a meso-
scale Volume Element

Macro-scale

« The macro-scale problem

* The meso-scale problem (on
a meso-scale Volume
Element)

N

P
BVP é/‘\c?)

2L

v
’
’
.

 What if homogenized
properties loose ellipticity?

— Buckling of honeycomb
structures
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Computational Homogenization For Cellular Materials

« DG-based second-order FE2

— Macro-scale
« High-order Strain-Gradient formulation
« C!weakly enforced by DG
» Partitioned mesh (//)

— Transition
« Gauss points on different processors
« Each Gauss point is associated to
one mesh and one solver

— Micro-scale
« Usual 3D finite elements
» High-order periodic boundary conditions
— Non-conforming mesh
— Use of interpolant functions

oP,,/ OF,,
Py 90, /0VF
Fu QM Qu M
oP,,/OVF
YF,, M M
dQ1OF
-
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Computational Homogenization For Cellular Materials

« |nstabilities 3

— Micro-scale: buckling
— Macro-scale: localization bands ol
— Captured owing to

« Second-order homogenization
» Ad-hoc periodic boundary conditions "

« Path following method

(MPa)

F /L

—Full
- -=-second--order MCH
O0 2 4 6 8 10
-A/H (%)

S

< A—
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Computational Homogenization For Cellular Materials

* Open-hole plate

2.5¢
2+ o
— Full
g 1.5 MLillti—scaIe
R
0.5f
% 4 5
~A/H (%)
« BRIDGING ARC project
— ULiege, Applied Sciences (A&M, EEI, ICD)
— ULiege, Sciences (CERM)
e Publications
— 10.1016/|.mechmat.2015.07.004
— 10.1016/|.ijsolstr.2014.02.029
— 10.1016/j.cma.2013.03.024
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— lgygp = 0.1pm Macro-scale |
— lgyg = 0.2 pum [ Direct procedure
190 — lgyg = 0.4 pum 40 1 3-scale procedure
E 180 — lgyg = 0.6 um 2
o) — Mean MBC ‘%
3 170 * Bounds for Si & 30
— o
5 B>
3
S 160 =
S — = 20
2150 4 E
: £
S =
140 A 10
130 . . . : . . ol— =
0.1 03 04 05 06 07 08 0.08 .00 1.02
SVE length [pm] f/f

Stochastic 3-Scale Models for Polycrystalline
Materials

3SMVIB: The research has been funded by the Walloon Region under the agreement no 1117477 (CT-INT 2011-11-14)
in the context of the ERA-NET MNT framework.
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Stochastic 3-Scale Models

« Multi-scale modeling
— 2 problems are solved concurrently
« The macro-scale problem Material
» The meso-scale problem response
(on a meso-scale
Volume Element)

@ Extraction of a meso-
scale Volume Element

Macro-scale

— gl O

» For structures not several orders larger than the micro-structure size
macro>>|—VE> Lmlcro

— T

For accuracy: Size of the meso- Meso-scale volume element no
scale volume element smaller than longer statistically representative:
the characteristic length of the « Stochastic Volume Elements

macro-scale loading

90 <1 Beginning
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Stochastic 3-Scale Models

 Keyidea
» Samples of stochastic > Intermediate scale » Uncertainty quantification
volume elements of the macro-scale quantity
» The distribution of the material
» Random microstructure property P(C) is defined » Quantity of interest
distribution P(Q)
N - Mean value of ) 7
=~ * material property %
€/a
v\ v -
3 of
~ Stochastic —
—— | Homogenization Ve <ive Probability density
AT < - 5 1
Vi Variance of
P N material property
I
: >
: > Quantity of
J \ SVE size -~ ~ interest
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Stochastic 3-Scale Models

« Material structure: grain orientation distribution
— Grain or|entat|on by XRD (X-ray lefractlon) measurements on 2 um- th|ck poly -silicon films

3000 | b =~ S -—— Si(311) ] 3000 _ EEL) <SI(_311) _
% ] PolySi, T=580°C | g ——Polysi, Tos50°C I
— — Si(220) ]
2000 } 2000 | Si(422) .
] Si(331) _ ]
] Si(e20) Si(s11)/ _ a3 ]
i Si(333) [ i ]

oo} l S(Tl) s | 1 1000:_ Si(400) \ ]

5 | l : J \ 5
] Si(400) ] ]
e S S 0 S S ety &
30 60 90 30 60 2, ] 90
26, [’ N
Deposition temperature: 580 °C Deposition temperature: 630 °C
<111> [%)] 12.57 19.96 12.88 11.72
<220> [%] 7.19 13.67 7.96 7.59
<311> [%)] 42.83 28.83 39.08 38.47
<400> [%] 4.28 5.54 3.13 3.93
<331>[%)] 17.97 18.14 21.32 20.45
<422> [%] 15.15 13.86 15.63 17.84

XRD images provided by IMT Bucharest, Rodica Voicu, Angela Baracu, Raluca Muller
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Stochastic 3-Scale Models

« Application to polycrystalline materials: The micro-scale to meso-scale transition

— Stochastic homogenization )
o =Ci:e_; ,Vi
m m

| Stochastic
/ Homogenization

Oy = €y

Samples of the meso-scale
homogenized elasticity tensors

— Homogenized Young’s modulus distribution
— lSVE =0.1 Hm

— lgyg =0.2um VvVariance
190t B o COV = —-100%
lsvg =0.4pm | & mean |
9 Mean MBC -§
2 1 - Bounds for Si § 4.5]
2 ¥
21 5
2 2 4.0
2150! £
g (i
2 535
140 3
&)
130 . | . | | | 3.0t _ _ , , ]
0.1 03 04 05 06 07 08 0.1 0.2 0.3 0.4 0.5 0.6

. SVE length [pm] SVE length [pm] )
v LIEGE April 2019 CM3 research projects 93 <l Beginning
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Stochastic 3-Scale Models

Application to polycrystalline materials: The meso-scale spatial correlation

— Use of the window technique

E|(c® @) - E(€)) (¢ (x + ) — E(C))]

RIV (1) =
2 2
\/]E [(cm - IE((C(’”))) ]IE [(«:@ _ E(@(s))) ]
SVE (x y+]) SWE e ) Young's modulus correlation———————
R YIS LoYoung's = oz
o’ """Eﬁ'@vﬁ e
A PR | — lgyg = 0.6 um
’ ;\_gg"'\w
04
S
0.2
0.0
0.0 0.2 0.4 0.0 0.8
Distance [pm]
(rs)
JooRe
— Definition of the correlation length L(TS) —
RU(0)

94 <1 Beginning
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Stochastic 3-Scale Models

Application to polycrystalline materials: The meso-scale random field
— Accounts for the meso-scale distribution & spatial correlation

—— Random field with different SVEs sizes ﬂ
lSVE = 0.1 um lSVE =04 um
A4
— E[E,] — E[£,]
1908 | e E[E,] £ o, 1900 | ... E[E,] + og,

& — Samples of the random field = —— Samples of the random field
G 180 & 180

2 E

2170 2170

g g

w160 160

3 g

" 150 P 150

0.0 0.2 0.4 0.6 08 0.0 0.2 0.4 0.6 0.8
x position [pm]

X position [pm]

— Needs to be generated using a stochastic model

N

- | Stochastic model | __ 4 C

N - A—
q 'I LIEGE April 2019 CM3 research projects 95 <‘ Beginning
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Stochastic 3-Scale Models

 Stochastic model of Gaussian meso-scale random fields

— Define the homogenous zero-mean random field A'(x, 9)
Elasticity tensor Cy(x, 8) (matrix form C,,) is bounded SVE (x, y+) SVE (x+l, y+)

e(Cy—C)e>0 Ve

* Use a Cholesky decomposition
7 ! T, — !
Cv(x,0) =CL+ (A+A(x,0) (A+A(x,0)

— Evaluate the covariance function

Rgf) (T) = O-c/l’(r) O-CAI(S) Rc(/rl‘;g) (T)

=E|[(AP@®) (A +1)]

— Evaluate the spectral density matrix from periodized zero-padded matrix ﬁf,, (T)
SElwm] = BY ]z ™ g5 4 [0™] = Hog [0 H g 0]

n
— Generate a Gaussian random field A'(x, 8)

A' D (x,0) =240 R Z z Hf;f) (] 7 sm) o 271 (x-0(™ 65T
m

S

“ ¥ LIEGE April 2019 CM3 research projects 96 <l Beginning
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Stochastic 3-Scale Models

Stochastic model of non-Gaussian meso-scale random fields

— Start from micro-sampling of the stochastic homogenization

LIEGE

université

« The continuous form of the targeted PSD function

st (@) = A5 [w™)] = Atz E;/(TS) [T(")]B_Z””(n)""(m)
n

« The targeted marginal distribution density function FN¢™ of the random variable A4'®™

A marginal Gaussian distribution F¢(™ of zero-mean and targeted variance )

Iterate

Generate Gaussian random
vector A'S (x) from ST (w)

S(TS) (w) — S(TS) (w)

§T (rr) (w) §T (ss) (w)
SNG(rr) (w)SNG(SS) (w)

—

Map A’ (x) to a non-Gaussian field:
R () = it (FG(") (s (x)))

A 4

(rs)

Evaluate the PSD SN¢* ™ (w) of PNG (x)

A

No

April 2019 CM3 research projects
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Stochastic 3-Scale Models

* The meso-scale stochastic model

Normalized}?c%,l)

— Application to film deposited at 610 °C: Micro-Samples f 10
— Comparison between micro-samples and \ ' g':
generated fields - 0.4
- 0.2
- 0.0
0.08 ‘ . ‘ ‘ | 02
1 Micro-Samples 1.0
0.07 i
1 Generator L
20.06] I THI T
< iy
o 0.05} el ]
a i Normalizedﬁg,l)
20.04}
5 | ﬁ_ 1.0
§ 0.03} T 0.8
a 0.02 0.6
0.4
0.01} o
0.0 : ‘ : : 0.0
65 170 175 180 185 190 195 200 205 | 02
Cy,, [GPa] o 04 0 10

- A
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Stochastic 3-Scale Models

« Application to polycrystalline materials: The meso-scale to macro-scale transition
lc

— Convergence interms of a = , the correlation length and macro-mesh ratio

mesh

— The results converge
* With the mesh size for all the SVE sizes
 Toward the direct Monte Carlo simulations results

lSVE = 0.1 Hnm

mean

lSVE =04 Hnm

DO
o

lSVE = 0.6 Hm

Direct procedure

—_
o

-/

Coefficient of variation [%]

—_
e

0.5 1.0 1.5 2.0 2.5
Ratio o )
Coarse macro-scale Fine macro-scale

mesh mesh

< A—
¢ LIEGE : : —
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Stochastic 3-Scale Models

« Application to polycrystalline materials: The meso-scale to macro-scale transition

— Comparison with direct Monte Carlo simulations

¢ LIEGE

université

Eigen frequency

W Direct procedure
[ 3-scale procedure

40
=

Relative difference £ 30
. =
in the mean: 0.57 % =

= 20
E
=
2

A 10

0 008 100

f/f

Eigen frequency

1.02 1.04

I Direct procedure
[] 3-scale procedure

(&)
=

L
o

Relative difference
in the mean: 0.44 %

Probability density
[\ (%)
) (=)

—t
o

0.97 0.98 0.99 1.00_
f/f

1.01 1.02 1.03
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Stochastic 3-Scale Models

« Thermo-mechanical homogenization
Down-scaling

oM, v, (PmCum)

1 Cwm, Kum,anC
-~ M MM ™M
= — d
EM V(a)) ngm w
Meso-scale BVP
jpm vm é
| U = V(w) pMCvM resolution
— Up-scaling @ =Yi i
4 1
oM — < O'mda) oo Jo
4 ‘U)j [ Cy = v ay: Cy = ——o
1 ) M7 duy ® Uy & T 00m
=——| gudo ~ ——>
Ky = —
1 A%NEIY
pMCvM fmevde ~
" V(w)

— Consistency =3 Satisfied by periodic boundary conditions

A

LIEGE

Aty April 2019 CM3 research projects
universite
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Stochastic 3-Scale Models

* Quality factor

— Micro-resonators
« Temperature changes with compression/traction
« Energy dissipation

— Eigen values problem
« Governing equations

[ SI5]+ ooy ool (][5 o] =[5

» Free vibrating problem

SR

I —Kuu(®) —Kys(0) 0][u 0 0 M] [u
0 _Kﬁﬁ (9) 0 | = lw D{)u (0) Dﬁﬁ 0 J
0 0 11la I 0 olla

— Quality factor
« From the dissipated energy per cycle

_ 2|Sw |
J(Sw)? + (Rw)?

. Q—l

- A
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Stochastic 3-Scale Models

« Application of the 3-Scale method to extract the quality factor distribution
— 3D models readily available
— The effect of the anchor can be studied

/&* Gy
t S\

support

0.006
20.004 2
7 @ 0.005
80.003 8 0.004
> b
Z 0.002 = 0.003
(0] ] m
ﬁ = S 0.002
& 0.001 | &
’ " 0.001 ; | :
i|| Flps. 1|;I || b
0.000 7400 7500 7600 7700 7800 7900 8000 8100 ©0.000 - 7100 7200 7300
Quality factor Quality factor
15 x 3 x 2 um3-beam, 15 x 3 x 2 um3-beam & anchor,
deposited at 610 °C deposited at 610 °C
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Stochastic 3-Scale Models

« Surface topology: asperity distribution

— Upper surface topology by AFM (Atomic Force Microscope) measurements on 2 pum-
thick poly-silicon films

ity

ar
[
e

il
i It[,&:ﬁ#{,m,
i

Std deviation [nm] 35.6 60.3 90.7 88.3

. AFM data provided by IMT Bucharest, Rodica Voicu, Angela Baracu, Raluca Muller
% * LIEGE April 2019 CM3 research projects 104 Beginning
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Stochastic 3-Scale Models

Accounting for roughness

— Second-order homogenization

nM == CMl:SM + CMZ:KM

— Stochastic homogenization
Several SVE realizations
 For each SVE (1)] :Ui Wi

(1)] =Ui Wi

LIEGE

université

my = Cy,: ey + Gyt Ky

Ev, KM

w =Ui wi

The density per unit area is now non-constant

Computational
homogenization

/>

VR s e 11

Meso-scale BVP

-

_—>
resolution

— -

Samples of the meso-
scale homogenized

elasticity matrix Uy &
density py

April 2019

CM3 research projects
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Probability density
DD O M o

N e

Y

Stochastic 3-Scale Models

Accounting for roughness

— Cantilever of 8 x 3 x t um3deposited at 610 °C

Flat SVEs (no roughness) - F

Rough SVEs ( Polysilicon film deposited at 610°C ) - R
Grain orientation following XRD measurements —

Grain orientation uniformly distributed — Si
Reference isotropic material — Iso

SIpref

First mode frequency [MHz]

Roughness effect is the most important
for 8 x 3 x 0.5 um?3 cantilevers

-0 F — Siuni H ‘. | @ F — Siuni '
=-u R - Iso 20 wwa R-Tso | .
»---> R — Siypi Poe @ | perees R — Sin; i R,
s 8- AN
Foh <9 A
2 S S
: i = i 4 i *,
>y B, 14 "% 1.0 ’ ¥, "
ey > m ! : o ¥ : . > *
» ., v d H =~ = e : . Y LY
e S R A 0.5 S i F e Y
.-". ..' d "?‘.._ ‘..-‘ ..‘l o "" .'-.. '.'.’ ..'l::.' “-
h..*.-.‘:':;--'." Py M > T - g -:‘.'.','---0--4' .\uu‘-h::::
9.6 9.8_10.0 10.2 10.4 10.6. 10.8 11.0 0.0r=sges 115 90 o5 30

First mode frequency [MHz]

Roughness effect is of same importance as

orientation for 8 x 3 x 2 um3 cantilevers

A

LIEGE

université
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Stochastic 3-Scale Models

« Application to robust design
— Determination of probabilistic meso-scale properties
— Propagate uncertainties to higher scale

— Vibro-meter sensors:
Uncertainties in resonance frequency / Q factor

« 3SMVIB MNT.ERA-NET project
— Open-Engineering, V2i, ULiege (Belgium)
— Polit. Warszawska (Poland)
— IMT, Univ. Cluj-Napoca (Romania)

* Publications (doi)
— 10.1002/nme.5452
— 10.1016/j.cma.2016.07.042
— 10.1016/j.cma.2015.05.019
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DG-Based (Multi-Scale) Fracture

The research has been funded by the Belgian National Fund for Education at the Research in Industry and Farming.

SIMUCOMP The research has been funded by the Walloon Region under the agreement no 1017232 (CT-EUC 2010-
10-12) in the context of the ERA-NET +, Matera + framework.

The research has been funded by the Walloon Region under the agreement no.7581-MRIPF in the context of the 16th
MECATECH call.
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DG-Based Fracture
* Hybrid DG/cohesive law formulation
— Discontinuous Galerkin method

* Finite-element discretization
Same discontinuous

polynomial J
approximations for the

— Test functions ¢, and
— Trial functions ¢

Field

(a-1)(a-1)*(a) (a) (a+1) (@+1)*

— Can easily be combined with a

cohesive law for fracture analyses

Interface elements already exist

Easy to shift from un-fractured
to fractured states

Remains accurate before
fracture onset (DG formulation)
Efficient // implementation

Publications (doi)

10.1016/].cma.2010.08.014

April 2019 CM3 research projects
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DG-Based Multi-Scale Fracture

« Multi-scale modeling
— 2 problems are solved concurrently
« The macro-scale problem Material
» The meso-scale problem response
(on a meso-scale
Volume Element)

@ Extraction of a meso-
scale Volume Element

Macro-scale

— gl ‘j _____

* For meso-scale volume elements embedding crack propagation

macro>>|— mICI'O

T

For accuracy: Size of the meso- The crack induces a loss of
scale volume element smaller than statistical representativeness

the characteristic length of the « Should recover consistency lost
macro-scale loading due to the discontinuity

A
110 <1 Beginning
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DG-Based Multi-Scale Fracture

 Micro-Meso fracture model for intra-laminar failure
— Epoxy-CF (60%), transverse loading
— 3 stages captured
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DG-Based Multi-Scale Fracture

* Micro-Meso fracture model for intra-laminar failure (2)

— Scale transition after softening onset
« Should not depend on the RVE size

» Extraction of the meso-scale TSL (t), vs. Ay) [Verhoosel et al., IJINME 2010]
60 1 50 ‘
. O 4 fibers
[ I § IO 2% x :
i _ 40 o 16 fibers
7 N Oty = ooy - ex e S 64 fibers
4071 X5H ; = anl Ox |
g 1 a 30 &
d > 1 320]
' H O 4 fibers
207 i xx = m _
é” : * 16 fibers > 0Ap 5“_1 — 10
; S 64 fibers LeenCy ":1ex @ ey - 8ty
; : * Experimental| 0 ‘
00 : ‘ 6 0 2 4 6 8 10

2
€[ %]

« SIMUCOMP ERA-NET project
— e-Xstream, CENAERO, ULiege (Belgium)
— IMDEA Materials (Spain)
— CRP Henri-Tudor (Luxemburg)

* Publication (doi)
— 10.1016/j.engfracmech.2013.03.018

A

q ¥ LIEGE April 2019 CM3 research projects
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DG-Based Dynamic Fracture

 Fracture of thin structures

Blast
loaded
cylinder

Detonated
pipe

. FNRS-FRIA fellowship
Fragmented

* Publications (doi) disk
— 10.1002/nme.4381
— 10.1007/s10704-012-9748-5
— 10.1016/|.cma.2011.07.008
— 10.1002/nme.3008
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DG-Based elastic damage to crack transition

« Capture triaxiality effects: Cohesive Band Model (CBM)
— Introduction of a uniform band of given thickness hy}, [Remmers et al. 2013]

— Methodology
1. Bulk stress o using non-local damage law 12:
2. Compute a “band” deformation gradient _'Zi _ (2):(1) ’ ﬁc
[u] ® N . Iy = 5.0 % I,
Fpb =F+———+ 5 V;[u] — 08} : -ty = 7.0 % I,
hb 2 A g e N-L Omly
3. Band stress oy, using the (local) damage law Lg
4. Recover traction forces t([u],F) = op.n 5
— The cohesive band thickness See
.~.,J,_’_!.-.-.-
- Evaluated to ensure energy consistency 6 8 10

« Same dissipated energy as with a damage model

v LIEGE April 2019 CM3 research projects 114 <l Beginning
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DG-Based elastic damage to crack transition

1

D
0.5

0

127

Slit plate

y
A ng
9
A
2 —>
L 3 = o>
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DG-Based elastic damage to crack transition

: Ey
« Slit plate TITQTI?
— Triaxiality effect through ratio A ng
9
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DG-Based elastic damage to crack transition

« Comparison with phase field

— Single edge notched specimen
» Calibration of damage and CBM parameters with 1D case

Non-local model Cohesive band model Force-displacement curve
8 0.8
CDM/CBM s
- -N-L Pty
06 F|oeeee Phase field /‘f"‘ v
+— — & I
Ry & 1
c g
S e , g 04 P ;
= - 3 y4 !
) ) !
= 0.2+ /.x p
/ %
./o L ~ -
O L L i 1
0 0.002 0.004 0.006 0.008
06
05 | Sy
I\
— 7 ’
+— 04 j v
7 2 7 Vo
2 = J .
0.3 ¢ 7
g : j
E ‘ b—lo 02 r l'l
2 / CDM/CBM
n 01+ / - =N-L
----- Phase field
0¥ - ' ' :
0 0.005 0.01 0.015 0.02
. Displacement u [mm)]
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DG-Based elastic damage to crack transition

« Compact Tension Specimen:
— Non-Local damage law combined to cohesive band model improves accuracy

2000
1500 | -
- » "::T_J‘_ 1 [‘r
. i '[J—J_TT
3 Fas
—— el &
| i g Exp. Geers
o0 S| Ny L
# CDM/CBM
'l CDM/CZM
0t - . | |
0 1 2 3 4
Displ. [mm]

« MRIPF MECATECH project
— GDTech, UCL, FZ, MECAR, Capital People (Belgium)
« Publication (doi)

— 10.1002/nme.5618
— 10.1016/j.cma.2014.06.031
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Non-local Gurson damage model to crack transition

The research has been funded by the Walloon Region under the agreement no.7581-MRIPF in the context of the 16th
MECATECH call.
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Non-local Gurson damage model to crack transition

* Objective:
— To develop high fidelity numerical methods for ductile failure

* Numerical approach:

— Combination of 2 complementary methods in a single finite element framework:
« continuous (damage model)
+ transition to
 discontinuous (cohesive band model including triaxiality / strain rate effects)

F Physic
7 al

Elastic regime  Beg. of softening Localisation Crack initiation + Final failure proces
propagation

CDM | | CBlM q Numeric
(diffuse damage) | (localise al model
damage)
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Non-local Gurson damage model to crack transition

* Material changes represented via internal variables

— Constitutive law o(& Z(t")) O
 Internal variables Z(t") O O O

— Different models O
« Lemaitre-Chaboche (degraded properties) O
« Gurson model (yield surface in terms of porosity f ) a4

* Model implementation:

— Local form
« Mesh dependency

— Requires non-local form [Bazant 1988]
 Introduction of characteristic length [,
- Weighted average: Z(x) = vaW(y; x, 1) Z(y)dy The numerical results change

without convergence
— Implicit form [Peerlings et al. 1998]

« New degrees of freedom: Z

« New Helmholtz-type equations: Z — 2 AZ = Z
¢ LIEGE - - g
b April 2019 CM3 research projects 121 <‘ Beginning
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Non-local Gurson damage model to crack transition

* Hyperelastic-based formulation

— Multiplicative decomposition
F=F¢ -FP, C®=F¢ -F¢, J€= det(F®)

— Stress tensor definition
 Elastic potential ¥(C€)
» First Piola-Kirchhoff stress tensor
01 (C®)
ace
» Kirchhoff stress tensors
— In current configuration
9 (C*)

P = 2F¢. .Fp"

T

—p.fFT = ofe . W) re
k=P F' =2F == F
— In co-rotational space
t=ce F g Fe = 2ce . 2O
ace

« Logarithmic deformation
— Elastic potential y:

K G
P(C) =5 n*(%) + 7 (n(C) Y (n(C)*
— Stress tensor in co-rotational space

T =KIn(J¢) I + G(In(C®))9ev
p

q ¥ LIEGE April 2019 CM3 research projects 122 <l Beginning
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Non-local Gurson damage model to crack transition

Porous plasticity (or Gurson) approach

Competition between 2 plastic modes:

Growth mode:
Gurson model

|

2 ~ ~
bc =3 +2q:f cosh (Z2) —1—g2f2 <0 vs
2Ty

Y

Ty

1.2

V

LIEGE

université
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Pressure p/7, [—]

Coalescence mode:
Thomason model

2
¢T = ETeq + |p| _ C{(X)TY <0

1.6

14

1.2

Eq. stress 7, /7 [—]
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Non-local Gurson damage model to crack transition

* Hybrid DG model: use of a Cohesive Band Model (CBM)
— Principles
» Substitute TSL of CZM by the behavior of a uniform band of thickness hy, [Remmers et al. 2013]

— Localization criterion
 Thomason:N-t-N —C,fry =0
— Methodology [Leclerc et al. 2018]

[u] N
hp

1. Compute a band strain tensor F, = F + + %VT [u]

2. Compute a band stress tensor cb(Fb; Z(r)) using the same CDM as bulk elements

3. Recover a surface traction t([u], F) = o,.n

— What is the effect of h, (band thickness)
» Recover the fracture energy

q ¥ LIEGE April 2019 CM3 research projects 124 <l Beginning
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Non-local Gurson damage model to crack transition

« Comparison with literature [Huespe2012,Besson2003] 700

B [Besson 2003]
600 v [Huespe 2012]
I i _lmesh =170 Hm
Slanted plane strain specimen = 500 e o
E, _lmesh =175 pm
~= 400 | 550
= 500
~
S300 | g
5 o ‘0
= 200 250 |
100 | 300 |
0 0s 0.52 0.54
0# i ) i ) i | 1 1 - I}
0 0.1 0.2 0.3 0.4 0.5 0.6
Thick. reduction Ae/ (ep) [—]
Cup-cone in round bar 600 [

o [Besson 2003]
200 - | v [Huespe 2012]

Force F/ (ey) [MPal

—_—k, =0
100 - |me—F, =1
k, =4
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P s B Ihick. reduetion e/ (eo) []

o
og

- A
¥ LIEGE April 2019 CM3 research projects 125 <l Beginning

université




Non-local Gurson damage model to crack transition

 Notched round bar

S
-

0.75 > 1.5
-

P —
« MRIPF MECATECH project
— GDTech, UCL, FZ, MECAR, Capital People (Belgium)
* Publication (doi)
— 10.1002/nme.5618
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Stochastic Multi-Scale Fracture of Polycrystalline Films

Robust design of MEMS: Financial support from F. R. S. - F. N. R. S. under the project number FRFC 2.4508.11
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Stochastic Multi-Scale Fracture of Polycrystalline Films

« Multi-scale modeling
— 2 problems are solved concurrently
« The macro-scale problem Material
» The meso-scale problem response

@ Extraction of a meso-
scale Volume Element

Macro-scale

< ’.
BVP (L\i

* For meso-scale volume elements not several orders larger than the micro-
structure size and embedding crack propagations

(on a meso-scale
Volume Element)

macro>>|— ' mICI’O
For accuracy: Size of the meso- Meso-scale volume element no
scale volume element smaller than longer statistically representative:
the characteristic length of the « Stochastic Volume Elements
macro-scale loading « Should recover consistency lost

due to the discontinuity

- A
v LIEGE April 2019 CM3 research projects 128 <l Beginning |
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Stochastic Multi-Scale Fracture of Polycrystalline Films

* Micro-scale model: Silicon crystal
— Different fracture strengths and critical energy release rates

111}

q 'I LIEGE April 2019 CM3 research projects 129 <l Beginning
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Stochastic Multi-Scale Fracture of Polycrystalline Films

* Micro-scale model: Polycrsytalline films
— Discontinuous Galerkin method
— Extrinsic cohesive law
— Intra/Inter granular fracture
— Accounts for interface
orientation

intra-granular
fracture

inter-granular
fracture

A

¢ LIEGE ) : ——
u univeg'ité April 2019 CM3 research projects 130 <‘ Bedinning




Stochastic Multi-Scale Fracture of Polycrystalline Films

 Stochastic micro-scale to meso-scale model
Several SVE realizations (random grain orientation)

Extraction of consistent meso-scale cohesive laws
e ty VS. Ay
« for each SVE sample

Resulting meso-scale cohesive law distribution

|—
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Stochastic Multi-Scale Fracture of Polycrystalline Films

« Macro-scale simulation i R EETS EECR e

— Finite element model non-
conforming to the grains

— Use homogenized (random) meso-
scale cohesive laws as input

» Collaboration for experiments
— UcL (T. Pardoen, J.-P Raskin)

 Publications
— 10.1007/s00466-014-1083-4

5 A—
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Smart Composite Materials

This project has been funded with support of the European Commission under the grant number 2012-
2624/001-001-EM. This publication reflects the view only of the author, and the Commission cannot be held
responsible for any use which may be made of the information contained therein.
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Smart Composite Materials

» Electro-thermo-mechanical coupling dpQ,
— Finite field variation formulation
— Strong coupling

Conservation of . i
lectric ch Conservation of energy Conservation of
electric charge momentum balance
]e'VOZO pCvlg_D‘I']y'VO:O P.VO=O
J, = J.(F, VoV, V, Vo0, 9; Z) I, = q+V. P = P(F,0; Z)awel
q = q(F,V,Vy9,9; Z) D = BpT + 9

oLy,

- A
¥ LIEGE April 2019 CM3 research projects 134 <l Beginning
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Smart Composite Materials

« Two-way electro-thermal coupling
— Seebeck coefficient a
— Finite strain conductivities K(V,9) = F~1-k(V,9)-F 7] & LV,9) =F1-1(V,9) -FTJ

(le) _ L(V,9) aL(V,9) (—V0V>
— Jy/  \VL(V,9) + aTL(V,9) K(,9) + aVL(V,9) + a?TL(V,9) ) \—VgV

\ Non energetically /

conjugated
[Liu IJES, 2012]
| V
Change of fv = -3
: 1
variables fo9 = 3

() =rmn (5p)

— The coefficients matrix Z(F, f, fs) is symmetric and definite positive

v LIEGE April 2019 CM3 research projects 135 <l Beginning

université



Smart Composite Materials

« Thermo-mechanical shape memory polymer
— Deformations above glass transition temperature 9, (1)

— Fixed once cooled down below 9, (2 & 3)
— Recovery once heated up (4)

"0')

» Elasto-visco-plastic model constitutive behavior

— Different mechanisms («a)

* Multiplicative decomposition _
F(a) — Fe(“)Fp(a) 1 3

* Free energy

1/) — z ll)(a) (Ce(a)’ﬁ) L|J LlJ
. Thermg—visco—plasticity v _
7@ =T (Ce(a)’ Fp(a)’p(a)’ﬁ’é—(a)) Intermolecular  Moclecular

bonds/crosslink  resistance

OONNNNNN 9

— Stress and dissipation stretching
P = P(F 9: FP@® p(a) Sz(a)) [V. Srivastav et. al, 2010]

D = Bp@7@®

v LIEGE April 2019 CM3 research projects 136 <l Beginning
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Smart Composite Materials

» Elasto-visco-plastic behavior of thermo-mechanical shape memory polymer

T -
T - ‘ , . . . Refs. by [V. Srivastav et. al, 2010]
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Smart Composite Materials
V=00[V] 7~

Recovery of a shape memory composite unit cell

— Carbon Fiber reinforced SMP
— Shape memory effect triggered by Joule effect
~

— Test with compressive force recovery: \
/7 I\
1 LN
\
\

 #1: Compression deformation obtained above 9,
e #2: Fixation of the deformation above Uy
« #3: Reheat above 9, at constant deformation:
\

= recovery force, the cell wants to expend
* #4: Release deformation/stress
= recovery force vanishes ot
0.2 #1#2 #3 #404
= | ’ S
cRNI 0.25
1 : ~
- #1
:' — Deformation gradient I
i) Electric potential 9t ‘
00 500 1000 15(8)0
1 [s]
. A—
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Smart Composite Materials

* Recovery of a shape memory composite unit cell
— Carbon Fiber reinforced SMP
— Triggered by Joule effecy

Uxx
[MPa]
-c* I 10
3
U [V] I 5
| 0.3
0.15
I 0. —& I[K]
> I326
310
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Smart Composite Materials

Discontinuous Galerkin implementation

— Finite-element discretization
— Same

discontinuous  polynomial
approximations for the

Test functions ¢, and

 Trial functions g J

Extended to non-linear electro-thermo-
mechanical coupling

Field

(a-1)y (1) @) (a)* (a+1) (a+1)*

Publication (doi)

10.1007/s11012-017-0743-9
10.1016/].jcp.2017.07.028
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Multi-Scale Modeling of Nano-Crystal
Grain Boundary Sliding
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Multi-Scale Modeling of Nano-Crystal Grain Boundary Sliding

 2-scale framework
— Macro-scale: Finite Elements

— Micro-scale: Quasi-Continuum

Py = 11.20°

g = 164.01°

T ——— 7L . & ¢

Crystal plasticity characterization by nano-indentation
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Multi-Scale Modeling of Nano-Crystal Grain Boundary Sliding

¢ Graln SiZze effeCt : IDogboné Ard=328nm - @-
— Combetition hetween inter-intra aranular Dogbone B: d=6.56 nm - &~

True Stress (GPa)
n

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

True Strain

Grain size: 3.28 nm

« Effect of nano-voids in the grain boundaries
— Different deformation mechanism
— Lower yield stress

« Collaboration "
— EC Nantes, Univ. of Vermont, Oxford i y

* Publications
— 10.1016/|.commatsci.2014.03.070
— 10.1016/j.actamat.2013.10.056
— 10.1016/].jmps.2013.04.009 )
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Statistical properties
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Asperity model

Stochastic Multi-Scale Model to Predict MEMS Stiction

3SMVIB: The research has been funded by the Walloon Region under the agreement no 1117477 (CT-INT 2011-11-14) in the
context of the ERA-NET MNT framework.

The research has been funded by the Belgian National Fund for Education at the Research in Industry and Farming.
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Stochastic Multi-Scale Model to Predict MEMS Stiction

« Stiction (adhesion of MEMS)
— Different physics at the different scales
— Elastic or Elasto-plastic behaviors
— Due to van der Waals (dry environment) and/or capillary (humid environment) forces

* Requires surfaces topology knowledge (AFM measures)
— Subject to uncertainties

A
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Stochastic Multi-Scale Model to Predict MEMS Stiction

Deterministic multi-scale models for van der Waals forces
— Extraction of meso-scale adhesive-forces

Using statistical representations of the rough surface (average solution)
— Account for induced elasto-plasticity (cyclic loading) o
t 1 MEMS stiction
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Stochastic Multi-Scale Model to Predict MEMS Stiction

New multi-scale models with capillary effect
— Extraction of meso-scale adhesive-forces from a single surface measurement
— Depends on the surface sample measurement location
— Motivates the development of a stochastic multi-scale method

I F°(d), Contact force

; ‘ Capillary/Hertz forces model ‘
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Stochastic Multi-Scale Model to Predict MEMS Stiction

» Stochastic multi-scale model: From the AFM to virtual surfaces

Enforce statistical moments with
maximum entropy method

mi=jzipz(z) dz
R

pz =arg max — f pz(z) In(pz(2)) dz
R
Evaluate PSD from covariance

R(t) = E[z(x), z(x + T)]
S4(7) = j exp(—i{ - )R, (1)d{
R2
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Stochastic Multi-Scale Model to Predict MEMS Stiction

* Stochastic multi-scale model: Evaluate meso-scale surface forces

-
//_\ ' | F5(d), Contact force
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Stochastic Multi-Scale Model to Predict MEMS Stiction

* Stochastic multi-scale model: Stochastic model of meso-scale adhesion forces

| -8 - E,nli 1 |>||-:‘i3 fored

urve fitting Enforce physical constraints
v® - q®

Definition of
parameter vector v

f@)y=o(@dv) £
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Stochastic Multi-Scale Model to Predict MEMS Stiction

« Stochastic multi-scale model: Stochastic MEMS stiction analyzes

Stochastic finite elements (random contact law variable)
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Stochastic Multi-Scale Model to Predict MEMS Stiction

« Application to robust design
— Determination of probabilistic meso-scale properties
— Propagate uncertainties to higher scale

— Vibro-meter sensors:
Uncertainties in stiction risk

« 3SMVIB MNT.ERA-NET project
— Open-Engineering, V2i, ULiege (Belgium)
— Polit. Warszawska (Poland)
— IMT, Univ. Cluj-Napoca (Romania)

*  FNRS-FRIA fellowship

* Publications (doi)
— 10.1109/JMEMS.2018.2797133
— 10.1016/|.triboint.2016.10.007
— 10.1007/978-3-319-42228-2 1
— 10.1016/|.cam.2015.02.022
— 10.1016/|.triboint.2012.08.003
— 10.1007/978-1-4614-4436-7_11
— 10.1109/JMEMS.2011.2153823
— 10.1063/1.3260248
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