Computational & Multiscale
Mechanics of Materials

Porosity
evolution
e DNS

Nievels = 3

=== Nieveis=4
""" Nieveis =5

0.00 0.05 0.10 0.15
Ex + Eyy + Exz
Deep-Material-Networks

Non-local damage mean-field-
homogenization

Stochastic multi-scale methods

fetsoie
e 900

O
SMYY [MPa]

—0.05 0.00 0.05
Emxx [-]
Data-driven multi-scale
simulations

NeNREY | —
Ag ¥ 3 ¥ 3TN s
ANBNwnNy
Ag V2 V38N
A".‘.{

FE2 homogenization of metamaterials

DG-based fracture Nonlocal Gurson to

crack transition

) LIEGE

July 2022 - CM3 research projects



Direct links

« Data-driven approaches
— Deep Material Networks from the interactions viewpoint ;
— Mean-Field-Based Deep Material Networks for woven composites ;
— Recurrent Neural Network-accelerated multi-scale simulations in elasto-plasticity ;
— Recurrent Neural Network with dimensionality reduction and break down ;
— Bayesian identification of stochastic MFH model parameters ;
«  Complex constitutive models for failure prediction under complex loading states

— Shear and necking coalescence model for porous materials ;
— Ductile failure of High-Entropy Alloys (HEA) ;

— Damage-enhanced viscoelastic-viscoplastic finite strain model for crosslinked resin ;
Homogenization & Multi-Scale methods

— Second order Computational Homogenization for Honeycombs ;

— Second order homogenization without RVE size effect for cellular and metamaterials ;

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

—  Micro-structural simulation of fiber-reinforced highly crosslinked epoxy ;

— Non-Local Damage Mean-Field-Homogenization ;

— Non-Local Damage & Phase-Field-Enhanced Mean-Field-Homogenization ;

—  Stochastic Homogenization of Composite Materials ;

— Stochastic 3-Scale Models for Polycrystalline Materials ;

— Boundary conditions and tangent operator in multi-physics FEZ;

—  Stochastic Multi-Scale Model to Predict MEMS Stiction ;

— Multi-Scale Modeling of Nano-Crystal Grain Boundary Sliding ;
*  Fracture Mechanics

— 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 ;
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Deep Material Networks from the interactions viewpoint

» Architecture of mechanistic building blocks [ Homogenised behaviour
— Example for a 2-phase material | P@®) =P(F(t),z(r <))
= — | P@ =R wiPie)
/ | F(0) =X, W' F'(¢t)
/ \ Weight of node i
/] (parameter)
[ ~— ]
\ s
\“‘ @
.{..'.----““‘
S~ —_—

( \ Material node i =0..9, of weight W*

;/ Constitutive behaviours: PP (t) :Pp(Fi(t),Z(T < t))
if node i € phase pfor material p=0 or p=1
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Deep Material Networks from the interactions viewpoint

e Mechanismk=0..M —1

— Link homogenised deformation gradient to node ones

* Construction of a strain fluctuation field

F+Y"taka*®@ G =F, i=0..9

\ Direction of mechanism k

Contribution of node i (parameter)
in mechanism k _
(parameter?) Degrees of freedom of mechanism

k definition the strain fluctuation

Weight of node i

(parameter)
— Constraints from strain averaging \

. Py, WiF |:> z(zwiai,k>ak®Gk=O '::) Zwiai,k=0
r i

i
— Weak form from Hill-Mandel

- P :S5F =Y; W' P" §F" I::) [z (Z W‘P%r”‘) . G¥
k [

. 6ak =0
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Deep Material Networks from the interactions viewpoint

Mechanism k =0

« Mechanistic building blocks: Laminate

— Interaction V’ as a laminate

L] .
..l...nl“

vZ
-

/ *
- Mechanism k = 2
- ’0.

— Parameters

.
-
“
« .
1] .
aa, .t

a®
"Sapgmmnunnt®

- Weight: W% i=0..9 Mechanism k =5 Mechanism k = 6

N

« Unique direction for an interaction V/:
G“[) N, j=0..7
— Constraint

. Z Wiabk =0 C:) a“* from nodes

i

weight in mechanism k
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Deep Material Networks from the interactions viewpoint

Mechanism k = 0
"==+w.lVlechanism k =

L/
...
L4

« Mechanistic building blocks: Laminate

—_

— Interaction V’ as a laminate

- N
’— h\

-
/““‘-.5..'.. ~
P Vv x N\

/7
/ ;| )
: s\
X g
3 /

Mechani’sm k=2

0..
L4
L4

— Weak form

[Zk: (Z WiPiai'k> - G¥

- dak =0

1 - 1 - .
- WPl — ——— z WP |-N/ =0
wwm) ; w@m
i m

ie’vm+1

j=0..7, V™ and V"1 interactions of mechanism k € V/
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Deep Material Networks from the interactions viewpoint

« Offline stage on a p-phase RVE

“‘---IIIIIII.....

L]
[ 2 ",
«s* e

— Topological parameters y
* Weight: Wi, i =0..9

- Direction of interaction V/: NJ,j = 0..7
X =[w° .. ,Ww°N° . N]

— Using elastic data
« Random properties on RVE

Y= [EO’ VO,EO, Vo ...Ep, Vp,]

*
*

l:> Direct simulations on RVE =) C(y) ™.,

e Cost functions to minimise

I E) = Sy
e C00) = IEI

s=1

V?

LI
.'... ant®
""saugppunnnn®

» « stochastic gradient descent (SGD) » algorithm
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Deep Material Networks from the interactions viewpoint

* Online stage on a particle-reinforced composite

— Properties
» Elastic inclusions

» Elasto-plastic matrix
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Deep Material Networks from the interactions viewpoint

 Multiscale simulation

— Elasto-plastic composite RVE

— Comparison FE? vs. DMN-surrogate
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Deep Material Networks from the interactions viewpoint

« Multiscale simulation
— Stress-strain distribution at point A

— For 27 material nodes

801 — Fp2 PointA  _---/7
704 —=-- TPerfect(2, 3) e—
— —_—— perfect 7/
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Deep Material Networks from the interactions viewpoint

Multiscale simulation
— Stress-strain distribution at point B

— For 27 material nodes

— FE? PointA __--77
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Deep Material Networks from the interactions viewpoint

 Multiscale simulation

Localisation step

For 27 material nodes
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Deep Material Networks from the interactions viewpoint

« Alternative to laminate (e.g. for porous material)

« Mechanism j = 0..M — 1 of interaction 1/ /’

— Homogenised deformation gradient

e Construction of a strain fluctuation field
F+¥ cpja” @ QN/ =F', j=0.M-1,

/ \ Direction of mechanism \@

' \
/“‘-llll.... \

“

Contribution of node j (parameter) \'Q-:-"" V7

i in mechanism j ~N_—_—_——
Degrees of freedom of

(parameter?) hani . definition th
mee a]1CIn|sm]_ etiniton the Weight of node i
strain fluctuation (parameter)

— Constraints from strain averaging \
. FZLWLFLE>Z zwl i,j a]®N]_O |:>ZWL lJ—O
Jj \ievJ ievJ

— Weak form from Hill- Mandel

- P :5F =Y, W'P!: SF" |:> [Z( WiPiai'j)-Nf
ievJ

- 8al =0

A
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Deep Material Networks from the interactions viewpoint

» Mechanistic building blocks: Polyhedra

— Interaction V/ ,j=0..M — 1

56’5 l iNS

— Fluctuation field

- Integration by parts on a polyhedron of volume V! associated to node i

_ 1 : = st i — i

F+W iw®|7dV=F‘|::> F + Z.Viw@)(iN)—F
% Jievy]

« To be compared with the interactions  F + Zj:ievf aal QNI =F', j=0.M—-1

g

a’/ is the weighted surface of a polyhedron face (parameter to be identified)

I::> < N/ is the inward or outward normal of the polyhedron face (parameter to be identified)
a’ is the fluctuation field (degree of freedom for online simulations)
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Deep Material Networks from the interactions viewpoint

« Offline stage on a p-phase RVE

— Topological parameters x

- Nodal weight: W, i =0..9

- Interaction weight: a®/

x =[w° .., W N° .. N, a%, ..

— Using elastic data
» Random properties on RVE l:> @(y)

Y = [EO' Vo, Ell V1 ...Ep, Vp]

= 11€(ys) — € xlys)l

«  Cost functions to minimise L(C, C(x)) = — —
n& ICCys)l

. . s=1
— Using non-linear response

« Random loading on RVE (strain sequence F;)

« Compare stress history P(F;) and quantity of interest Z(F;) (e.g. porosity)

P(F,) —P&IFy)|| 1 2 |12(Fs) — Z Gl |
— +— —
IPCE)| 12 Es)|

— By « stochastic gradient descent (SGD) » algorlthm

- Cost function to minimise , p p(x) Zl

< A—
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Deep Material Networks from the interactions viewpoint

Online stage on a porous material

— Properties
» Elasto-plastic matrix
« Small strain

— Non-linear training

— Uniaxial tension
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Deep Material Networks from the interactions viewpoint

* Online stage on a porous material

Properties

Elasto-plastic matrix
Small strain
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Deep Material Networks from the interactions viewpoint

Online stage on a porous material

— Properties
» Elasto-plastic matrix
« Small strain

— Non-linear training

— Thermodynamically consistent
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Deep Material Networks from the interactions viewpoint

 Multiscale simulation

Data generation -
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Reaction force Fy, (N)

Y

Deep Material Networks from the interactions viewpoint

Multiscale simulation
— Stress-strain distribution at point A
— For 2° material nodes

— Non-linear training
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Deep Material Networks from the interactions viewpoint

. . . &, &,
« Multiscale simulation vy vy
0.15 0.15
— Stress-strain distribution at point B
— For 2% material nodes 0.06 0.06
— Non-linear training
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Deep Material Networks from the interactions viewpoint

* Publications (doi)
— 10.1016/j.cma.2021.114300

« QOpen data
— 10.1016/j.euromechsol.2021.104384

« Open data
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Computational & Multiscale
Mechanics of Materials
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Mean-Field-Based Deep Material
Networks for woven composites

The research has been funded by the Walloon Region under the agreement no.7911-
VISCOS in the context of the 21st SKYWIN call.
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Mean-Field-Based Deep Material Networks for woven composites

» Definition of 3 Reduced-order-models
* Using simple micro-mechanistic grains
— MFH (short fibre-reinforced matrix)

— Voigt mixture
— Laminate theory

Voigt — Mean-Field-Homogenization

Elementary cell

q 'I LIEGE July 2022 - CM3 research projects 25 <l Beginning
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Mean-Field-Based Deep Material Networks for woven composites

* Definition of material networks

Woven Composite @ Fiber
Voigt method B Matrix
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Mean-Field-Based Deep Material Networks for woven composites

» Identification of topological parameters from direct simulations
— Parameters:

XVM:{vi' eir ailizl ----- N&

XLVM = {Ui, Bi, C{l- | l = 1,...,NS

XV = {vig. of v, 0, @i li=1,..,

— Using elastic data
« Random properties on RVE

T gL LT JTT (LT 0.5] — V-M
[Eo, Vo, Ey , Ey', v Y%
o Vo, T, B[ v, v, Gy I] —— LVM
:> Direct simulations on RVE 0.4 — VLM
. ... w 0:3]
« Cost functions to minimise @
—1
10 1€0ys) = Calvs) >
~ Ys) — Ys
L(C CQn) == R
(&t ”Z €I 0.1
 « stochastic gradient descent (SGD) » algorithm 0.0 | —_ ,
101 102 103 104
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Mean-Field-Based Deep Material Networks for woven composites

« Elasto-plastic matrix case

PBC tension cyclique

MBC tension cyclique
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Mean-Field-Based Deep Material Networks for woven composites

* VISCOS project, 215t Call of Skywin
— SONACAS.A.
— e-Xstream (Hexagon S.A))
— Isomatex S.A.
— UCL
— ULiege
* Publications (doi)
— 10.1016/j.compstruct.2021.114058
« Opendata

q ¥ LIEGE July 2022 - CM3 research projects
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Computational & Multiscale
Mechanics of Materials
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Recurrent Neural Network-accelerated
multi-scale simulations in elasto-plasticity

MOAMMM project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 862015 for the project 7:@? MOAMMM
Multi-scale Optimisation for Additive Manufacturing of fatigue resistant shock-absorbing ‘C%'(

MetaMaterials (MOAMMM) of the H2020-EU.1.2.1. - FET Open Programme
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Recurrent Neural Network-accelerated multi-scale simulations

* |Introduction to non-linear multi-scale
simulations

— FE multi-scale simulations
* Problems to be solved at two scales
* Requires Newton-Raphson iterations at both
scales
— Use of surrogate models
« Train a meso-scale surrogate model (off-line)
— Requires extensive data
— Obtained from RVE simulations

» Use the trained surrogate model during
analyses (on-line)
— Surrogate acts as a homogenised

constitutive law

— Expected speed-up of several orders

Macro-scale BVP

Meso-scale BVP.t

resolution

/7

VX0
w = Ui Wi
Off - line
Meso-scale BVP
resolution
\ X.f. .
T I
Py
Cm

Fyv

—
Trained

On - line

Macro-scale BVP

Surrogate
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Recurrent Neural Network-accelerated multi-scale simulations

» Definition of the surrogate model

no
Uy wo + Z Wi Uy
— Atrtificial neuron =1
« Non-linear function on n, inputs u, \@\A ,
 Requires evaluation of weights w, uk@_’ X
» Requires definition of activation function f
— Activation functions f

uno

)

Sigmoid tanh Rectified Linear Uriit Leaky RelLLt

e e

— Feed-Forward Neuron Network

« Simplest architecture
« Layers of neurons
— Input layer
- N — 1 hidden layers
— Output layers
* Mapping R - R™W:v = g(u)

A
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Recurrent Neural Network-accelerated multi-scale simulations

« Training
— Evaluate
- Theweights wy;, k = 1..n;_4,j = 1.
* The bias w}

» Minimise error prediction v vs. real v®)

Lvse (W) == [[ocw) =
[

* Requires an optimizer: Stochastic Gradient Descent

L (W) (aLi(W)>2

AW = -F| ow oW
batch size, ...

—— Training
— Training data 1072 T Volidation
* Input u® & Output v® }
« Testing k

— Use new data
* Input u®& Output v®

« Verify prediction v vs. real v® 1073

0 500 1000 1500 2000 2500
Epochs
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Recurrent Neural Network-accelerated multi-scale simulations

Input / output definition
Input: Strain (history): Fy
— Output: Stress (history): Py

Elasto-plastic material behaviour

No bijective strain-stress relation

 Feed-forward NNW cannot be used

« History should be accounted for

Recurrent neural network

— Allows a history dependent relation
e Input u,
* Outputv, = g(ug, hy—q)
 Internal variable h; = g(u;, hy_1 )

— Weights matrices U,W,V

« Trained using sequences
(») (»)
t-n - Uy

»)

t—

— Inputs u

— Output v v

Stress

LIEGE

université
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Recurrent Neural Network-accelerated multi-scale simulations

« Gated Recurrent Unit (GRU) at a glance

-
/GRU Output, Vv’ \

— 4 i 1 . Hidden State,
U T L) h,
Hidden State, 1|+ >0 ——>1- » X
S ''h
h, , 1 =< |=>|+ =>[tanh -4
mXxn Wh A
TR i LV
w0
k"’%% W™ Reset Gate
’ Update Gate

Input, u’ Outputs combination
ot Element-wise operations
4

| 4+ | Element-wise sum

1-| Element-wise 1-

X | Element-wise product

O | Element-wise sigmoid

anh | Element-wise tanh

< A—
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Recurrent Neural Network-accelerated multi-scale simulations

» Recurrent neural network design

— 1 Gated Recurrent Unit (GRU)

Output, v,

A

Feed forward NNW, l

* Rest gate: select past information
to be forgotten Hidden Hidden
. . State, h State, h
« Update gate: select past information = t
to be passed along
Feed forward NNW
— 2 feed-forward NNWs
« NNW, to treat inputs u, Input, u,
* NNWy,, to produce outputs v,
— Details
Sm(t) I
e u; : homogenised GL strain Ey; (Ssymmetric)
S—
v\
e v, : homogenised 2" PK stress Sy, (Symmetric) ' | ~ &~
. -
/ (]
* 100 hidden variables h, VX . .| BVP
* NNW, one hidden layer of 60 neurons
I En (t)
« NNW, two hidden layers of 100 neurons
v uLanEeer.tEe July 2022 - CM3 research projects 36 <;_Beqinninq
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Recurrent Neural Network-accelerated multi-scale simulations

Data generation

— Elasto-plastic composite RVE
— Training stage
» Should cover full range of possible loading histories

» Use random walking strategy (thousands)

« Completes with random cyclic loading (tens)

« Bounded by a sphere of 10% deformation

LIEGE July 2022 - CM3 research projects 37 <l Beginning
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Recurrent Neural Network-accelerated multi-scale simulations

« Testing process (new data) 400

2001
— On random walk

SMYY [MPa]
o
3

~400-
~600-
~800-
Emxx [-]
400 60
200+ 40+
‘© —  20-
o o ©
Z, S 0
7% X -20
A A
—400 1 —40-
—600+ —60
_80.
~0.050 ~0.025 0.000 0.025 0.050 0.075 ~0.050 —0.025 0.000 0.025 0.050 0.075
Enox 1] Ewmxx [-]
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Recurrent Neural Network-accelerated multi-scale simulations

_ 400
« Testing process (new data)
_ _ 200+
— On cyclic loading .
(0]
o 0+
=
> —200-
S
W
—400-
—600-
0.00 Zo05 A i i i i
Ee 7% 0.10 e —0.05 0.00 0.05 0.10
100
400
751
200+
501
© O
o 01 o i
S S 25
X =200 < 07
S S
) W 5.
—400-
_50.
—600- s
—0.05 0.00 0.05 0.10 0.05 0.10
Emxx [-] Emxx [-]

A
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9000 x
2 h-cpu
3 day-cpu
0.5 h-cpu

cpu

18000 h

generation
Training
Simulation

Data

Bounded at 10% deformation

Recurrent Neural Network-accelerated multi-scale simulations

Elasto-plastic composite RVE

Multiscale simulation
— Comparison FE? vs. RNN-surrogate

— Training data

[Tg]
-O
o
4]
o €
o &
3_Uy
o
o
)
~ £
o
©©
o
o0
O.D
o
— N S
o o o o o S
© < ~ J_

L - -
40 <‘Beqmn|nq |
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Recurrent Neural Network-accelerated multi-scale simulations

 Multiscale simulation Myy

0.093 l
— Stress-strain distribution at point A

— Strain within the 10% training range 0.047

OI

FE - RNN

Reaction force F, [N]

OMyy

170 l

0.00 0.01 0.02 0.03 0.04 0.05
Displacement 4, [mm]

re- RN T

< A—
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Recurrent Neural Network-accelerated multi-scale simulations

 Multiscale simulation Myy

0.109 l
— Stress-strain distribution at point B

— Strain just at 10% training range

Reaction force F, [N]

0.00 0.01 0.02 0.03 0.04 0.05 e
Displacement 4, [mm]

FE - RNN T

< A—
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Recurrent Neural Network-accelerated multi-scale simulations

 Multiscale simulation Myy

0.310 l
— Stress-strain distribution at point C

— Strain out of 10% training range

FE - RNN &

Reaction force F, [N]

OMyy

184 I

J 14I‘ ‘

0.00 0.01 0.02 0.03 0.04 0.05 Fg2 . FE-RNN.

Displacement 4, [mm]

% * LIEGE : - T st
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Recurrent Neural Network-accelerated multi-scale simulations

« MOAMMM FET-OPEN project (https://www.moammm.eu/)
— ULiege, UCL (Belgium)
— IMDEA Materials (Spain)

— JKU (Austria)
— cirp GmbH (Germany)

* Publications (doi)
— 10.1016/j.cma.2020.113234
Open Data: 10.5281/zen0d0.3902663

— 10.1016/j.cma.2021.114476
Open Data: 10.5281/zen0d0.5668390
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https://www.moammm.eu/
http://dx.doi.org/10.1080/14786435.2015.1087653
https://dx.doi.org/10.5281/zenodo.3902663
https://dx.doi.org/10.1016/j.cma.2021.114476
https://doi.org/10.5281/zenodo.5668390

Computational & Multiscale
Mechanics of Materials CM3

U R R EEm S EEm S S REm R R S (L I N
: Training Data Training : | Application
| Meso-scale BVP . - s ! : :

I resolution z |12 1]l= N | || [=2 | Normaliz|
I L Z 12 1z |1 1= }-{= }{= | ation N.1}
U Normalization o o o o~ o ~
I M — Ey— I : «— Ey |
' (Fm, Em) NI ' : T
[ X. *1 y *Q | | t\l i v I
: 5 Zni A A R | Y- yi... y¢ |
: I \ g 7 : I~ ¥ Concatenation
M

= I $M I

I S —
: Normallzatlon1 N.3 : | Output Z |I
I Zy; | Remove mean PCA ' : N_3ﬁnverse '
I 5 gM — $M I '~ nverse _ Inverse|N.3
: . [ I M=—— I
| : | PCA = :

Recurrent Neural Network with
dimensionality reduction and break down

MOAMMM project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 862015 for the project :7"" MOAMMM
Multi-scale Optimisation for Additive Manufacturing of fatigue resistant shock-absorbing “C%

MetaMaterials (MOAMMM) of the H2020-EU.1.2.1. - FET Open Programme

U LIEGE July 2022 - CM3 research projects
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RNN with dimensionality reduction and break down

 Recurrent neural network-accelerated
multi-scale simulations

— FE multi-scale simulations
* Problems to be solved at two scales
* Requires Newton-Raphson iterations at both
scales
— Use of surrogate models
« Train a meso-scale surrogate model (off-line)
— Requires extensive data
— Obtained from RVE simulations

» Use the trained surrogate model during
analyses (on-line)
— Surrogate acts as a homogenised

constitutive law

— Expected speed-up of several orders

Macro-scale BVP

Meso-scale BVP.t

‘o, :
VX resolution
w = Ui Wi
Off - line On - line
Meso-scale BVP
resolution
= Macro-scale BVP
,..\.‘\ Fy,
\L/' ‘
AN
Py
[
M CM
C
M — Surrogate
Trained

July 2022 - CM3 research projects
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RNN with dimensionality reduction and break down

» Accurate surrogate of homogenised 400

behaviour 2007

O_

SMYY [MPa]
)
3

—4001
—6001
—8001
Emxx [-]
4001 60
2001 401
— — 201
&2 ol 0
= SEE
X =200 X -20
A &
—4001 —401
—600 —60
_80-
~0.050 —0.025 0.000 0.025 0.050 0.075 —0.050 —0.025 0.000 0.025 0.050 0.075
Emxx [-] Emxx [-]
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RNN with dimensionality reduction and break down

« Only homogenised output is predicted 400
— On random walk 2007
0_

Smyy [MPa]
"
(@]
(@]

—0.050 —0.025 0.000 0.025 0.050 0.075
Emxx [-]

* Quid of local fields?

— This is an advantage of multiscale methods y -FEM

3.8
— Useful to predict failure, fatigue etc. l

— Can we get it back at low cost? 19

2 A—
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RNN with dimensionality reduction and break down

Also build a surrogate model of the internal variables

Training Data Training

Meso-scale BVP
resolution

RNN
Training

S\ Uy INormaIizationEM

(] .

¢~ |(Fv, Em) N.1 -

[

Zy NormalizationZM

— Problem: The size of Zy, is large

I |
[ |
I |
[ |
I |
[ |
I ‘\ I
i.'x% Y '
'\\-X I\ 'E>
[ |
I |
[ |
I |
[ |
I |
[ |
I |

I

Application | Input E, I
I

Normalizatiorl N.1 1
Trained :
RNN  [«— Em |

I

1 I
I

YAV :
I

a I

Inverse Output Z,; :
N.2 |

I

e Z\ of size d the number of Gauss points of the RVE X internal variables by Gauss point

|:> overwhelming cost

LIEGE July 2022 - CM3 research projects
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RNN with dimensionality reduction and break down

« Optimise the method: reduce the size of the internal variables

: Training Data Training : I Application | Input Ey :
I

Meso-scale BVP I I
: resolution I : Normalizationl N.1
if ———— - RNN | Trained '
Uk < \ Unm INormallzat'lonEM —| Training I RNN «— Ey :
: B ‘/\ (Fm, Em) N.1 ' I
%% = B -
| N £ : v — :
! ! SM : : $m Output Z ), ‘.
| . I ' |
! Normallzat|0n1 N.3 : :N_31Inverse versel Ng |
I Z Remove mean, PCA ' 3 _ B
| Y ——— Zm — SM | | &y loversg 2 |
[ N.2 | I PCA — I
I I : I
— o e e e o e e e e e e L S 4

— Principal Component Analysis (PCA) applied on Z), to reduce the output of RNN

« Construct matrix Zy = [ZMl Zy, ...ZMn] from n observations (1% from all data)
— — — dxn

Extract n ordered eigenvalues A; and eigen vector v; of Z1,Zy

Build reduced basis V = [21 Uy and reduced data ¢, =Vv7TZ,, ofsize p <d

2 1,

Reconstruction Zy = V&

But not enough
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RNN with dimensionality reduction and break down

« Dimensionality reduction & break down

fu E— Em Em Em Em Em Em Em Em Em Em EE Em S EE EEm EE EE EE E EE Em E E . . (L B B N W
: Training Data Training : 1 Application Input E,, |
| Meso-scale BVP . 5! : o Normaliz
I . (=2 | — (=2 I
! resolution o z |12 |2 |, 12 |2 |12 | ation N.1l |
— U Normalization oc e | |z = c | |z
| o6~ |Fu En) ' S S R !
. x® - Y ' yL. 3. 30 !
1IN | \ ? I =/ | V.. VLY :
| = £ : I N ¥ Concatenation
' : _om I l $M I
I Normallzatlon1 N.3 : I - Output Z |I
I
I Zy | Remove mean PCA ' : N,3ﬁnverse T
| — > ZIm — &y | LS verse . InversdN.2
| N.2 I 1 $m AEES 7 |
[ | | PCA — I

— To further reduce the output dimension of RNN
* The surrogate modelling is carried out by a few small RNNSs, instead of one big RNN

» The high dimension output is divided into Q groups, and each RNN is used to reproduce only

a part of output

— PCA reduces Zy; to 180 outputs and we use Q=6

“ 'I LIEGE July 2022 - CM3 research projects 51 <l Beginning

université



RNN with dimensionality reduction and break down

« Effect of dimensionality reduction and number of hidden variables

PCA alone PCA & Breakdown
i Sur\gate || o Surrogate | fin PCA,
\ h = 100
A ]
103 . T N 0 h = 200
A A A 4 -
A h = 400
A \
L (NN} =
(Up) (0p)
= -
PCA,
| *= Reference
- h =100
A h = 200 A
4 h = 400
| | | T Plpzzob\“\ ' Peaoo |
0 50 100 150 0 50 \y % 100 150
y \\l\
p Y P

No dimensionality reduction
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RNN with dimensionality reduction and break down

Evaluation of equivalent plastic strain y: Random loading (testing data)

()]

Maximum y [-]
w A~ Ww,

N

-0.05 0.00 0.05 0.10

Purple loading — y —FEM
step 500 38 I

1.9 1.89

O.OI O.OOI

% * LIEGE _ - Tl
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RNN with dimensionality reduction and break down

Evaluation of equivalent plastic strain y: Cyclic loading (testing data)

% * LIEGE _ - i
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RNN with dimensionality reduction and break down

« MOAMMM FET-OPEN project (https://www.moammm.eu/)
— ULiege, UCL (Belgium)
— IMDEA Materials (Spain)

— JKU (Austria)
— cirp GmbH (Germany)

* Publications (doi)
— 10.1016/j.cma.2020.113234
Open Data: 10.5281/zen0d0.3902663

— 10.1016/j.cma.2021.114476
Open Data: 10.5281/zen0d0.5668390
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http://dx.doi.org/10.1080/14786435.2015.1087653
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https://dx.doi.org/10.1016/j.cma.2021.114476
https://doi.org/10.5281/zenodo.5668390

Computational & Multiscale
Mechanics of Materials

Shear and necking coalescence mechanisms for
porous materials

The research has been funded by the Walloon Region under the agreement no. 1610154- EntroTough in the context of
the 2016 Wallnnov call
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Shear and necking coalescence mechanisms for porous materials

* Objective:

— To develop a non-local ductile failure model accounting for complex loading stress states

* Porous plasticity

Voids
nucleation

Voids
growth

Voids
coalescence

Internal

necking

Shear-
driven

N\

A

July 2022 - CM3 research projects
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Shear and necking coalescence mechanisms for porous materials

« Ductile failure: stress-state dependent fracture strain
— Stress triaxiality dependent

p' tr (o 3
n= Oeq €] — o0 oof p = ; ) Opq = \/Edev(a): dev(o)
— Lode dependent
4= 1 27]3 _ det(d
= Jarccos 2003 J3 = det(dev(a) )
Tests for

fracture

calibration
Round (notched)
4« barsintension

Fracture locus for
2024-T351 aluminum
alloy

(Bai & Wierzbicki 2010)

< A—
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Shear and necking coalescence mechanisms for porous materials

* 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
_ce.Fe . Fe T = gce . )
T=C° -F® 'k-F¢ =2C Sce

« 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
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Shear and necking coalescence mechanisms for porous materials

* Material changes represented via internal variables

— Constitutive law o(g Z(t"))

— Internal variables Z(t")

» Plastic flow normal to yield surface &
0D

DP = FPFP~ 1 = ;—
Koo

' o:DP
* Matrix plastic strainrate  €m = - oy

- Volumetric plastic deformation & = tr (DP)

+ Deviatoric plastic deformation &, = \/% dev(DP): dev(DP)
— Voids characteristics Y

« Porosity : f

« Void ligament ratio: y

» Void aspect ratio: W

» Void spacing ratio: 4

q ¥ LIEGE July 2022 - CM3 research projects
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Shear and necking coalescence mechanisms for porous materials

 Non-local formalism

— Local form
« Mesh dependency
Requires non-local form [Bazant 1988]

Introduction of characteristic length [,

« Weighted average: Z,(x) = fVCW(y; x,1.) Z,(y)dy
— Implicit form [Peerlings et al. 1998]

- New degrees of freedom: Z,

New Helmholtz-type equations: Z, — 12 AZ, = Z,

— Constitutive law a(e,?(t’);Z(t’))

Non-local multi-mechanisms

o:DP [
= Eq— 12 AE, =¢
Em (1—f)0'y m c m m
4 &, =tr (DP)

- gv - lg Agv = 817

| Eq = \/gdev(Dp):dev(Dp)

gd — lg Agd = &gq

b

X
X
X

b

A
(X
)

d
X

P
DX
Dot
Vv

R
X

¢
X
D

The numerical results change
without convergence
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Shear and necking coalescence mechanisms for porous materials

» Different yield surfaces: void growth

— Classical GTN model

Non-local porosity evolution

f =fgr""fnu +fsh

M fgr =(1 _f)gv
- fnu = An(gm)ém
: p 2
fsh = kw(pn <_> ¢ (cos30)fE,
p N O-eq 'I_‘
Yield surface S
— Jiq 2P\ _ 1 _ 42f£2
b = p; + 2q,f cosh (ZGY) 1—-q3f°<0

A
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Shear and necking coalescence mechanisms for porous materials

« Different yield surfaces: coalescence

— Coalescence by necking
 Yield surface

2
P= 5 0eqC0s 6 + Ipl C{()(, W)ay <0
Max Principal Stress
» Limit load factor

CLOoW) = (1—x?)

» Cavities evolution

12]
1
0.8
0.6

Ueq/UY [—]

0.4
0.2
0

-1.5

31 (3 . WLt s :T
X WZ_XZ_l d V| xL
1 1
AL
3 W_9/1<1 1>~ 0 L
Tax\ 2x2)7 : Lo
1 -
3y W 4 D v
f=f ~ w7 02z
A
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Shear and necking coalescence mechanisms for porous materials

« Different yield surfaces: coalescence

— Coalescence by shearing

* Yield surface

Geq/UY [_]

2
P= 5 0eqCos 6 + Il C{()(,W)JY <0
Max Principal Stress

* Limit load factor

2
1—y 1
f — (1 — +2 =

Le—

» Cavities evolution

X = K)(‘cf'd

A
1.2
1 |
0.8
X
0.6
0.4 ‘
0.2
0 | R
15 05 0 05 15
p/oy[—]
—\
_________ [
|1V)(L_‘r X |
1
{I' '&T AL
O O
T 1
L 1
1
=

A
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Shear and necking coalescence mechanisms for porous materials
— Gurson

----Thomason
—Shear

Multi-surface model
Effective yield surface

Y

e =

LIEGE

université

(b6 + D™ +\"
(pr + D™ +
(ps + 1™

m

Ueq{UY[_] 4 - =+ Combination

~—a

> \
Li: E p/oy
Gurson only Gurson+Thomason
,':“'- Ueq/UY[_] \ aeq/aY[_]
¢ £
! 3k
x p/oy § ‘ p/oy
Thomason+Shear

Gurson+Thomason+Shear
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Shear and necking coalescence mechanisms for porous materials

« Solution under proportional loadings
— Constant
« Stress triaxiality (UL); and
eq

« Normalized Lode angle (§ = 1 — ﬁ)
T

- &qc- ductility = plastic deformation at coalescence onset

0=1
6 =0.5
- = = Necki ear boundary ' : _ 6=0.
55 Shear driven ___ 8=-025
3. ' ' coalescence | = __._ 6 =-0.5
‘ 15 o 51
i
ll - -
o '!
1
wo &
\
\
!
0.5+
0
-0.5

A
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Shear and necking coalescence mechanisms for porous materials

« Plane strain smooth specimen under tensile loading
— Verification of the nonlocal model: mesh convergence

L =125mm
€p = 3 mm
¢ =1.015 (g4 = 0.95)

A

G =

A
A\ 4

Distribution of void ligament ratio y

800 - —_—
/7~ \
/ \
600 -’/ 0.99 0.99 0.99
5 I ' I
% coarse
= 400 ——--medium 0.54 0.54 0.54
QD --------- fine
- I I I
200 0.0909 0.0909 0.0909
0 1 | 1 ]
0 0.1 0.2 0.3 0.4
-Ae/ i .
%o Coarse Medium Fine
Capture slant fracture
% * LIEGE July 2022 - CM3 research projects 67 Beginning

b université



Shear and necking coalescence mechanisms for porous materials

* Plane strain smooth specimen under tensile loading e
L =12.5mm
— Effect of & [ e = 3 mm ]
=
800 ,====u_ e 0
‘(‘\ '.I ’ \\\ ads=0.4 7}
_ 600 Yo gy =095 €o
g : P £4,=1.25 ) b
~ 400} \ €gs™ 12 .
g : 1‘ — = no shear
200 | \
| |
| 1
Ol . . . . .
0 02 04 06 08 1
-Ae/ o . :
%o Distribution of void ligament ratio y
! 0.99 l 0.99 ! 0.99 ! 0.99 0 99 '
0.573 0.545 0.546 N 0.546 0.548 £
I0.156 IO.101 I0_101 I0_102 0105 .
gqs = 0.95 €qs = 1.25 €qs = 1.5 no shear

% * LIEGE _ - Tl
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Shear and necking coalescence mechanisms for porous materials

« Axisymmetric (notched) specimens under tensile loading /Ro = 3 mm A
— Different notch radii: Ry/R,, = 0,0.2,0.6,1,1.5 R, = 6 mm
1000 —_RyR =0 L =25 mm
[ TN R,/R=0.2 = 1.015 (g45 = 0.95)
800 T reeRyR =06 \f ( ds JJ
Q i Ty e RGR =1 - /R n
o v A
£ ol ™ 4 R L |
) a (F>
0(‘) ‘ i. ‘
Distribution of void ligament ratio y
Io.99 Io.99 Io.99 Io.99
0.54 0.54 0.54 0.54
v B
I 0.0909 I 0.0909 I 0.0909 I 0.0909

Capture cup-cone failure
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Shear and necking coalescence mechanisms for porous materials

 EntroTough Wallnnov project
— UCL, ULB, ULiege (Belgium)
* Publication (doi)
— 10.1016/].jmps.2020.103891
— 10.1016/.engfracmech.2022.108844
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Ductile failure of High-Entropy Alloys (HEA)
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Ductile failure of High-Entropy Alloys (HEA)

« Design of experimental campaign on CoCrNi ternary HEA

— Cover wide range OL stress states
o Triaxiality 7= —_—

Jeq
1 27 det(d
« Lode angle: 6 = —arccos et(dev(a) )
3 20,43

(0.57, 0.43,1.06)

< (0.62, 0.46, 1.07)
f A
(0.7, 0.38,0.99) P ‘
4 \ N\
\
\

e,
|0.28.0.97) X,

(0.74, 1.,1.21)
(0.78, 1.,1.07)
ASR (0.7, 0.03,0.81)
' (0.73, 0.033,0.75)
A

(0.87, 0.054, 0.70)

(0.66, 0.16,1.01)
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Ductile failure of High-Entropy Alloys (HEA)

|dentification methodology

— Porosity evolution
* No initial porosity
* Fast nucleation from defects

assume initial f;

—/

* Evolution from 2PL

o fo=0002

0.0077* « 15t specimen

— Non-local lengths 0,006 + 2 specimen
' x 3 specimen

« From intervoid spacing

0005 epl Average

g, —12AE, = ¢,

Porosity fy
o
o
o
B

0.003

0.002
0.001 -

& —_— 2 & = T T T T

| “d lc Aéq = &q 0 5 10 15 20 25
Distance from the crack surface (mm)
J [, =40 um
SEM images by A. Hillhorst, UCL
- A
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Ductile failure of High-Entropy Alloys (HEA)

« ldentification methodology i
— Elasto-plastic matrix 5 8001 5NR4 ‘
= 1
* Yield surface £ 600- O\
_ Gqu 2P\ _ 4 _ 22 = e Experiment, 5NR4 A
e = o +2q.f cosh (Zay) 1-q5f°<0 2 100, ---- Fracture W
- Do not consider porosity evolution f~f,~ 0 g - im: ::g‘l’l
« Hardening law from 1L and 5NR4 samples : g‘zoo- —= Emc=1,n=0.2
—— Eme=1,n.=03
0- —_—Eme= @
(Y €m 0.00 0.05 0.10 0.15
oy + higm + hy |1 —exp| — ifeg, < eme Engineering strain
exp
Oy = 3 ne
gm .
ayc< ) ifem > eme
\ €mc
— Porous plasticity parameters of Gurson 3 800 AV
=
« Classical: 2 600
= Experiment, 1L
g =15 > --=-- Fracture
! '% 400 ——— Emc=1,n.=0.01
q; =1 [ R PR Eme=1,n.=0.1
2200+ — Ene=1,n,=02
- —— E€me=1,n.=0.3
0 — e = t+ @

00 01 02 03 04 05 06 0.7
Engineering strain
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Ductile failure of High-Entropy Alloys (HEA)

« ldentification methodology N

— Internal necking

 Extended Thomason model

— 0.8
2 |
¢ =§aeqc059 + |p| C{()(,W)GYSO E .
~
o
S

0.
Max Principal Stress
.« With P 0.4

2 0.2

1—yx 1

L W) = (1 — x2 h(—) + /—
W)= 01-x°) \W)( qu 0
0.1 1.24 -1.5

« 5NR4 fails by internal necking

7 800
=
Py 5NR4
2 !
@ 400 e Experiment, 5NR4 E
o 1
£ ==== Fracture H
2 200 — k=1 i
- , : = ——— k=125 :
used to calibrate the void spacing factor k = 1.25 e k—1s 5
. o _ i
. . 31 3 . T T T T T T T
Images by A. A=xAé; x=—"|=-1]& 0.000 0.025 0.050 0.075 0.100 0.125 0.150
Hillhorst, UCL 4W 2)(2 Engineering strain

A
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Ductile failure of High-Entropy Alloys (HEA)

« ldentification methodology

fnu = An(gm)§m =0 !

— Porous plasticity parameters @
. . . . B . ’:, l _________ l
* fzfgr‘l'fnu'l'fsh with fgrz(l_f)gv ! AT :
« Assume early nucleation f; = 0.002 {I: 'j:\ |&
1 ‘\ /' :
1
1

« Shear growth
2 p 2
fsh = kwdy _> ¢ (cos30)fEy
Oeq

1/(n g
¢y () = exp [—§<n—> ]

b (W) = 1 — w?

o

« Forng =0.15: ¢,(n) =0 at high triaxiality

. A
For 7GRx fan = 0 A&

Can be used to characterise remaining parameters
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Ductile failure of High-Entropy Alloys (HEA)

« Identification methodology N
1.2 :
— Coalescence by shearing i
1 :
* Shear surface
X
. With Max Shear Stress |
clp=ea-x» 0 |
e Ligament evolution 15 1 05 0 0.5 1 1'=5
X =K, & p/oy[~]
« 7GR3 fails by internal necking !
’ _ 1000 3
@ i %)
|
2 600
g
@ 400
e ® Experiment, 7GR3 —— £=1.1
N E‘ 2001 --=- Fracture e £=1.15
e — ) — £=12
10 pm | 4'. V‘ 0+ ---- £=1.08
used to calibrate the shear coalescence 000 002 004 006 008 010 0.1z
Images by A. Engineering strain
Hillhorst, UCL parameters § = 1.15 & K, = 5
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Ductile failure of High-Entropy Alloys (HEA)

« ldentification methodology

— Shear-controlled void growth @
. . . . . . 2 I=-=-==-==7 |
*f = for + faut fon With fgr = (1= )%, L AN |
« Assume early nucleation f; = 0.002 {I: 'j:\ |D
1/ |
. B . | \N s 1
fou = An(En)épm =0 : |
bm e el
« Shear growth @
2 p 2
fsh = kw¢n _> ¢ (cos30)fE,
Oeq
2
1(n
| = ew|-2(2)
! 2\ns
800+ Experiment ‘__h
(O ((‘)) =1-w? e
L = ky=5
g 6001 k,=3.5
« Lastterm k,, = 3.5 from 3SHEAR 2 400 Fracture point
2200+
0_
0.00 0.05 0.10 0.15 0.20

Engineering strain
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Ductile failure of High-Entropy Alloys (HEA)

« Validation of identified parameters

— Plates

Ligament ratio [-]

Ligament ratio [-]
g o L 0 0.5 1

FEM  DIC

Plastic strain [-]
0 0.724 1.45

Images by A.
Hillhorst, UCL
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Ductile failure of High-Entropy Alloys (HEA)

« Validation of identified parameters

— Plates (2) 0.016 1 « 1% specimen
0.014 - + 279 gspecimen
x 3" gpecimen
0.0121 GTN-Th-Sh, 2PL
W
> 0.010 1
)
S 0.008-
o
o
0.006 1
y +
Ligament ratio [-] 0.004 1 9 i
x . +.°,
0.002 1 W
0 0.5 1 R R R R f
0 5 10 15 20 25
Distance from the crack surface (mm)
800 +
_. 7001
&
= 600
E 500
; 400
£ ® Experiment, 1L
o 3
$ _ —— GTN-Th-Sh, 1L
g‘ gébf ¥ Experiment, 2PL
< < =« GTN-Th-Sh, 2PL
. ‘ 1007 | Experiment, 3SHEAR
Plastic strain [-] N i —.. GTN-Th-Sh, 35HEAR
0 0.721 144 : . . . . . : .
[  T—— 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Engineering strain

< A—
a ¥ LIEGE July 2022 - CM3 research projects 80 <‘ Beqginning

université



Ductile failure of High-Entropy Alloys (HEA)

« Validation of identified parameters
— Notched Plates

Ligament ratio [-] Ligament ratio [-]

0 0.5 1 0 0.5 1
L — ] [ —_
800 -
© -
o .
o 600 A :
n .. H
v :
7 a :
2 400
'q:J ® Experiment, 2NS1
o \&;)'\ —— GTN-Th-Sh, 2NS1
D 200 1 ¥ Experiment, 2NS2
h —=- GTN-Th-Sh, 2NS2
B Experiment, 2NS4
Images by A. olw e GTN-Th-Sh, 2NS4
Hillhorst, UCL 0.00 0.05 010 015 0.20 025 0.30

Engineering strain
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Ductile failure of High-Entropy Alloys (HEA)

« Validation of identified parameters

— Axisymmetric bars

BN . s

Ligament ratio [-]
0.5 1

0_ ]

Ligament ratio [-] 800+
©
0 0.5 1 &
I | ~—
@ 6001
g
I
2400+
o
e
k=) i ®  Experiment, 4SR
S5 200 — |, plasticity, 4SR 45R
¥ Experiment, 5NR4
Images by A. 04 & ——- J; plasticity, 5NR4
Hillhorst, UCL ' - .

0.0 0.2 0.4 0.6
Engineering strain a_
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Ductile failure of High-Entropy Alloys (HEA)

« Validation of identified parameters

— Grooved plates

1000 - >
&
< 8001
w . N
2 Ligament ratio [-]
n 600
2 0 0.5 1
= ® Experiment, 7GR1 __ [ |
$ 4001 —— J, plasticity, 7GR1
g, ¥ Experiment, 7GR3
S 200+ -==. J, plasticity, 7GR3
B Experiment, 7GR6 /
04 = -«=== J> plasticity, 7GR6
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Engineering strain
Ligament ratio [-]
> 0 0.5 1
[ |
A N
Ligament ratio [-
Images by A. 0 g 06 (- 1
Hillhorst, UCL '
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Ductile failure of High-Entropy Alloys (HEA)

 EntroTough Wallnnov project
— UCL, ULB, ULiege (Belgium)
* Publication (doi)
— 10.1016/].jmps.2020.103891
— 10.1016/.engfracmech.2022.108844
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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

~ \
~o N
~ Y
S \
S0 X
* NS
NN
D

True Stress [MPa]

0.5

-6

LIEGE
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2 0o 2
p/o;

200y
100 77 T 1.4x 106 s
—1.4x10%s?
so0/ 0 1.4 x 103 st
1.4 x102s1
0 | .‘ ......... 14 X 10-1 S-j_ |
0 0.2 04 06 0.8
120 -True Strain
o0 7
60|
300 1.3 x 103 s1
0 0.02 0.04 0.06 0.08
True Strain
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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"))

* Internal variables Z(t")

Multi-damage strategy
P=(1-D,)(1-D;)P

Resin model implementation:

LIEGE

université

Requires non-local form [Bazant 1988]

* Introduction of characteristic length [,

« Weighted average: Z(x) = fVCW(y; x,1.) Z(y)dy

Implicit form [Peerlings et al. 1998]

« New degrees of freedom: Z

« New Helmholtz-type equations: Z — 2 AZ = Z

Damage evolution laws

Xsyr(®) = max (7s (D)

L Tsyp = Ua/p DVsyr = Vsyp

Ds/r = Ds;5(Ds/p F(), X577 (8); Z(2), T € [0 t]) X/

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

200;—Both hardening

= & saturated damage

2150 & failure damage/’,x

d /’/

g /x»-«\-h.‘: _____________ '; - :,,.af‘ ..................

G) L [ """"""" -

= 100 /

w1

o f

> !

£ 50 ,

' |

O ‘ ‘ ‘ ‘
0 02 _04 06 O
-True Strain
Local: no mesh
O/ convergence
DAY
XIXDAX
DXDDAX
XDIXIX
£

A
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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

9P (CVe)

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

cve = FveT . FVve

It = Fve" . g . Fve”
— Apparent stress tensor .

QC
 Piola-Kirchhoff stress \/

P=(1-Dy)(1-D;)P uve
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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,
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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
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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
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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, 160, — 20pumx 20 um
20 um x 40 um
T —-=- 20 um x 60 um
2 120 e 20 um x 80 um
E f .';':r. } ',-'
O 80 V12 I VAN
N s
0
= 40 ; ¥ {5
% 0.025 005 0075 0.1
True Strain
110, , 87 .
. ! ¢ —— 20 um x 20 um
’ — 20 um x 40 um
—1007 s 6 | —-—- 20 um x 60 um
IE E ~ NI 20 um x 80 um
90 = 4l
80 ¢ ¢ = 2 T O
[ ]
70 ‘ ‘ v ‘ 0 ‘ — ‘ ‘
0 20 40 60 80 0 40 80 120 160
i RVE length [um] 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
96 _Beginning
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Mean-Field-Homogenization for
Elasto-Visco-Plastic Composites
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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
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Mean-Field-Homogenization for elasto-visco-plastic composites

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

— Stress tensor (2 forms)

O1/0 = O'Irfg + éls/ro:Aslr/o

O1/0 = CI/O A“51/0

— Radial return direction toward residual
stress

 First order approximation in the strain
increment (and not in the total strain) f( n+1,19n+1)

« Exact for the zero-incremental-secant ~ ~ /N Tve~e______- - Ap = g, (o9, p)At
method v

— The secant operators are naturally isotropic

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

€q
n+1

12
CSO0 — 3yelpvol + 2 (uel —3 ‘ue Ap) vol
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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
01/0 - 21 o (GI/O ® GI/O)wI/O = 01/0
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 060 — == &33=2611=2E
* Elastic |y

— Elastic-perfectly-plastic matrix .040

.020

.000

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
2000
1000
0
-1000
-2000
-3000
-4000

-5000
-0.06 -0.04 -0.02 _O 0.02 0.04 0.06
€11

® 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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http://dx.doi.org/10.1016/j.mechmat.2017.08.006
http://dx.doi.org/10.1080/14786435.2015.1087653
http://dx.doi.org/10.1016/j.cma.2012.04.011
http://dx.doi.org/10.1016/j.cma.2012.04.011

Computational & Multiscale
Mechanics of Materials

Second order Computational Homogenization for
Honeycomb Structures

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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Second order Computational Homogenization for Honeycombs

» 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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Second order Computational Homogenization for Honeycombs

« 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 P\l oF
PM
F, Q,, QoY Fy,
P10V F
YFy e
IQ\/F
— Micro-scale

« Usual 3D finite elements
» High-order periodic boundary conditions
— Non-conforming mesh
— Use of interpolant functions -
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Second order Computational Homogenization for Honeycombs

* |nstabilities
— Micro-scale: buckling
— Macro-scale: localization bands

— Captured owing to
« Second-order homogenization
» Ad-hoc periodic boundary conditions
« Path following method

—Full

- -=-second--order MCH

0 2 4 6 8 10
-A/H (%)

S

5 A—
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Second order Computational Homogenization for Honeycombs

* Open-hole plate
2.51

LG

= I Full
o o Multi-scale
é

05r /

« BRIDGING ARC project
— ULiege, Applied Sciences (A&M, EEI, ICD)
— ULiege, Sciences (CERM)
* Publications
— 10.1016/|.mechmat.2015.07.004
— 10.1016/j.ijsolstr.2014.02.029
— 10.1016/j.cma.2013.03.024
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Computational & Multiscale
Mechanics of Materials

Y _a
) v

N
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0 0.25
= B

Second order homogenization without RVE
size effect for cellular and metamaterials

MOAMMM project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 862015 for the project ?A;e MOAMMM
Multi-scale Optimisation for Additive Manufacturing of fatigue resistant shock-absorbing “5&/

MetaMaterials (MOAMMM) of the H2020-EU.1.2.1. - FET Open Programme
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Second order homogenization for cellular and metamaterials

. . . Macro-scale BVP
* First vs. second order homogenisation

— First order homogenisation Fy Py,
+ Does not prevent localisation issue
« No material length-scale Meso-scale BVP
resolution

— Second-order homogenization

» High order strain Gy; and stress Qy at

macro-scale First order homogenisation
+ Material length scale related to the RVE Macro-scale BVP
length ia

Fv, Gm = Fy ® Vo Py, Qu

) Meso-scale BVP

- »
' resolution

Issue for metamaterial: RVE Iength IS Second order homogenisation
larger than unit cell because of patterning

change
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Second order homogenization for cellular and metamaterials

] Macro-scale BVP
 Account for patterning change :

— Micromorphic approach Vi, VomVi

« Constrain change of patterning modes
. Meso-scale BVP.'

resolution

» Developed in elasticity (limited number

of modes)

Micromorphic approach
Macro-scale BVP

— Enhanced second-order

homogenization

- Remove cell size dependency usinga  Fv Gm = Fu ® Vom L

body-force

Meso-scale BVP

* Arises from asymptotic homogenization :
resolution

in linear elasticity

 How to account for finite strain, elasto-

plasticity etc...? \ 0F, b /
oy

M
Body-force enhanced second
order homogenisation
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Second order homogenization for cellular and metamaterials

« Second order homogenization with body force enhancement

— Consider an equivalent homogeneous volume element

«  Cauchy homogenous Second order continuum
A A
Fy(0)|Gy Fy(X)| Gy
A -Qmo 'QO
g :
; = |
m X
v
Fin(Xm), Py (X1n) Py (X), Qu(X)

» Development of the (no-longer) homogeneous field

Fu(X) = Fy(0) + Gy - X
Gy = Fm(0) ® Vom

P
Py (X) = Py(0) + —=| :Gy - X
aFM 0

_ o0Qu| .
_QM(X) = Qum(0) +m ) Gy - X

A
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Second order homogenization for cellular and metamaterials

« Second order homogenization with body force enhancement

— Consider an equivalent homogeneous volume element

» The equivalence of energy (Hill-Mandel condition) with introduction of body forces b,,,(X,,,):

A A

Fu(0)|Gy Fru (0| Gy f [Pon: 6Fy — by - S ]
Q

A -Qmo 'QO mo

I \ —/
g :> 0 f (P 6Fy + Qy i 6Gy —
Q BM . SUM)dQ

v

0

| bm m X
Fin(Xm), Py (X1n) Py (X), Qu(X)

» |s satisfied by the following introduction of micro-scale body forces and homogenized stresses

P(0) = Viof (Poy — by ® Xyy) 40
Qmo

QM(O)——f [P @ Xy + (P <z<>Xm)T]dQ+—fQ by @ Xy @ Xp] dQ —

- 1 aP (0) 0P\ (0)
z_vo<[ al\li"[M Gy - ]M+( "Gy - Im ] By ®]M>
b dQ—J B\ dQ = f aPM-G. . 1dQ = j 0P OFm . Gy 1dQ)
QmO m 'QO M QO aFM. M. 9. aF aFM M

A
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Second order homogenization for cellular and metamaterials

 Remove boundary effect

— Apply Gy . = 0.05 /mm

2 J E 2 '
7“ il I ’
1 1 ;
| ' | A
0 0" ,
] I P
1 : -1 y ”
| 1 * !
’ <
-2 ' | ' ' 2| A wf L8
2 -1 0 1 2 2 -1 o[ | 1 2
11[—] €110~
-0.426 0.0125 0.451 -0.112 0.017 0.078
Body-force enhanced second Classical second order
order homogenization homogenization

q 'I LIEGE July 2022 - CM3 research projects 118 <l Beginning

université




Second order homogenization for cellular and metamaterials

« Converges toward DNS

— Linear elasticity: Beam bending

ddddddda
p= = = p= = = =
p=p= p=p=
p= p= p=p=

-
F
= = = = = e
P = = = = =

force f[N]
o
o
=9

© ©
= N
wn o

o
[
o

force f[N]

0.08+

0.001

—— DNS

=== 2x5 elements
| === 3x8 elements
=== 4x10 elements

— 4x10 elements, No body force

0.00 025 050 0.75 1.00 1.25 1.50
displacement [mm]
{ —— DNS ol
— 4x10 elements, No body force A
| === 2x5 elements
-=-=-3x8 elements
) 4x10 elements

000 025 050 0.75
displacement [mm]

1.00 1.25

1.50
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Second order homogenization for cellular and metamaterials

 Multiscale simulation on honeycomb structures **’
3.51

— Effect of RVE size disappears ,’\ 3.0-
, T 2.5-

3.0 4+

2.8

Oy +
s ¥on+ *Etl'-"-ﬁ+u

T T
5.00 5.25 5.50 5.

T T T
6.00 6.25 6.50 675

when considering body forces s -
..3,_ .
Yo
1.5+ — DSN
\ o 1x1-RVE, no body force
1.01 O 2x2-RVE, no body force
0.5 A 1x1-RVE, present method
+  2x2-RVE, present method
Eq. plastic strain [-] 0"DO 3 4 5 6 7
0 0.05 A/H [%]

IGLII -]

0 0.2
_—

IGLI -]

0 0.2
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Second order homogenization for cellular and metamaterials

25
« Multiscale simulation on meta-structures 0.
— Compression samples of different sizes 515-
. 6x14 holes 'Z) local instabil S 10, oy e
_) ocal Instability = —— DNS, 34x6
. - ] o FE2, 14x6
* 6x34 holes _> global instability > . FE2, 34x6
800 001 002 003 004
AJH [-]
IGLII -] IGLII [-] ; IGLII -] i
0 0.125 0 0.25 .
[ - = A — S

< A—
¥ LIEGE - N
q | univeg'ité July 2022 - CM3 research projects 121 <‘ Bedinning |




Second order homogenization for cellular and metamaterials

« MOAMMM FET-OPEN project (https://www.moammm.eu/)
— ULiege, UCL (Belgium)
— IMDEA Materials (Spain)

— JKU (Austria)
— cirp GmbH (Germany)

* Publications (doi)
— Submitted
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Computational & Multiscale
Mechanics of Materials

|

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

124 <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 —>
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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
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Stochastic Homogenization of Composite Materials

* Micro-structure stochastic model
— Histograms of random micro-structures’ descriptors

3.5} I Generated Micro-structure ] 3.5 I Generated Micro-stiucture |
3.0/ ] SEM image | 3.0 1 SEMimage N
. 2nd
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 0.8 - : —
24 26 28 3.0 32 34 36 .0 05 1.0 1.5 20 25 3.0 3.5 4.0 45
Fiber radius in um dig 1IN M
2.0 . : : . : : . : : : :
[ Generated Micro-structure 0.25! [ Generated Micro-structure |
1 SEM image 1 SEM image
1.5 ]
0.20}
£ z
§ 1.0 E 0.15
2 o
a a 0.10
0.5
0.05}
0.0 — x .
0 2 4 6 8 10 12 0.00_4 3 -2 -1 0 1 )

Ad in um S —in-radian
st

- A
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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 . T T
E Iriversits July 2022 - CM3 research projects 129 Beqginning
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Stochastic Homogenization of Composite Materials

Micro-structure stochastic model

— Dependent variables generated using their empirical copula

_____
-
- ~

LIEGE

université

Fiber additive process

1)

2)

3)

4)

Define N  seeds
with first and

second neighbors
distances
Generate first

neighbor with its
own first and

second neighbors
distances
Generate second

neighbor with its
own first and
second neighbors
distances

Change seeds &
then change central
fiber of the seeds

S_——-

_______

Seed k

July 2022 - CM3 research projects
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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
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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
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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 ' _Cross-correlation. . 1.0 | _Cross-correlation
0.8":“ lSVE =10 um e B — Ey | 0.8 \‘\ lSVE =25 um E, — Ey
NS e E, - E,
0.6’ "-"-‘.‘ — Ex — 'ny 1
0.4} — Bem by
--- E,-V;
0.2
0.0} -
—0.2}
045 10 15 20 25 30 35 ~04 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
5 A=
H-\:EegtEe July 2022 - CM3 research projects 134 <‘ Bedinning
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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

July 2022 - CM3 research projects
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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

cel |
I matrix

— Define Linear Comparison Composite

N L L 1

* From unloaded state As}mloade J\X(CS
ro unload unload <~

A£I/0 - A£I/O + A":I/O ASM Asgnload
* Incremental-secant loading o inclusions
Ve
Oy = 0 = Vo0 + V0] composite
Agl, = Ae = vyAel) + v Ael .
< M 0 I matrix

Agf = B(1, C3, C7): A€

-

* Incremental secant operator

s Aoy = Cy (1, C3, €7, vy): Agly Agf — > /\@

:u LIEGE =

ity July 2022 - CM3 research projects 137 <l Bedinning




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 c = C8i(d, €8, Ce, vy, 0)
/’ m = Gm(L G, & \ \

— Comparison SVE vs. MFH
@ C, Equivalent
inclusion

200! Direct FE 4001 Inverse_MFH
Envelope of Direct_FE .

N

......
......
........
---------

2 AR
., AP

ANSMSREC

Om11 in MPa
Om11 In MPa
// |
~

PAAL

N \\\\\\\\\\\\
800 002 004 006 800 002 004 006
Em11 Em11

5 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
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Computational & Multiscale

Mechanics of Materials

3

4 5
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0.010f
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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
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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, m)

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
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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 oiselh (V) = ———exp|[ — yz
noise ‘/277'- O-Zgi‘j) 20-221"]')
— 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]-)>
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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.cma.2019.112693 data on 10.5281/zenod0.3740410
— 10.1016/j.compstruct.2019.03.066
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Computational & Multiscale
Mechanics of Materials

Non-Local Damage & Phase-Field Enhanced
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

o /

< mal
\ /II<\ CIa g
! !

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

MV

ASI Ag ASO

inclusions
matrix
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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€,

q ¥ LIEGE July 2022 - CM3 research projects

université




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
&

5 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
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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
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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°
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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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Computational & Multiscale
Mechanics of Materials CM3

-
™,
"
o
: -
™
- DI
DO r/ — 0.0001 001 1
E— ]
. . >
—

0.0001 001 1
—  —

— DI

0.0001 001 1 o 0.0001 001 1
I E——

. . DO . . 0.0001 001 1
Damage in matrix GG - : Damage in fibre bundle — e

phase of yarns phase of yarns

Non-Local Damage & Phase-Field Enhanced
Mean-Field-Homogenization

The research has been funded by the Walloon Region under the agreement no.7911-
VISCOS in the context of the 21st SKYWIN call.
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

« Probabilistic damage model of fibre bundle

— Failure probability for one fibre of length L at O o
stress o

L\ (a\™"
o =sa-enl-(2) (3) ==
LO (o) T T

— Damage of bundle: failure of k fibres of a bundle

of N fibres
k . p(1— p)
= — P(D|6,L) ~ N
D N (Dl6,L) (p, N
- (1-D) p=P@G;L) 4000 . .
3000
— Length effect o
= 2000-
n £
X 0 .
O'(X) =0x|1—exp —u L such that 1000- o Experiment
Cl J_/ O'(L) =0990. n=1
e UL o
T e —
2 dx 0 200 400 600

X in yum
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

* Phase-field damage model of fibre bundle 4000 ° o

— Stress o build up from failure
3000+

2000+

o in MPa

— Definition of an auxiliary damage variable

xperiment
1000+

[

E
n
n
n

w N

|x|
di(x) = exp (‘E }_ﬁ/ Di(x) = 1.0 — [1 — d;(x)]" 0] * | . |
0 200 ) 400 600
— Auxiliary governing equation in terms of fracture X num
energy Gy

cl cl oyt
di — cl?V?%d, - — = ———*L
I I G Gic 9d;

— Material law

1 d
l/J(E;DI):Ef:(CFID(DI) Lﬁ/ 0=a—lﬁ
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

« Damage transverse isotropic model

— Material law
1 o
1D
l/)(g, DI) ==& (:Ie (DI) ‘ O = —
2 = & 0
LT
viTP = (1 - Dpvj
EFP = (1—-DDEF  [EF(L-v™o") BTG+ vTOu) BT 4 T D)
AD AD AD
i e B0 + (™) 0
A
. . EEP(1— ™)
\_' y/ Cicc =cf'P = Sim Sim 5
2ukT 0 0
0 0 2ufT 0
0 0 Bl
1+vT ]

A
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

« Matrix damage model for MFH
— Lemaitre Chaboche

. So | .
Dy- (Si) X, for (x —pco)x >0
0

1 el
l,b=§£:(CO:£

— Saturated damage

D0=DmaX0

140 -
120 -
100 -

F 80 -

S

= 60 -

40 -
20 -

©

0

1

1 1
(1+3XP(—30()(—PC0)) B 1+exp(BoPco )

for y > 0.

— Anisotropic non-local form

X = max Do (t)

ﬁo_V'(Cg'Vﬁo)=Po

1.0 -

0.8 -

0.6 -

o

0.4 -

0.2

0.000 0.020 & 0.040 0.060

(a)

0.0

(©

1 )
“1+exp(Bopco) ] 1.0 -
140 - /
120 . ’./ f__ 08 T
!
] ’
100 / 06 -
g 80 N ll’ Dc)
2.60 - 0.4 -
© 40 -
0.2 -
20 -
O T — 1 OO
0.000 0.020 0.040 0.060

0.000 0.030 8g)(.t?)GO 0.090

0.00 0.03_ 0.06 0.09
0

(d)

A
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

« MFH with matrix and fibre bundle damage models ¢/

— Incremental-secant MFH
« Unloading step

— elD. unload
Aoy, = —Cy ~: Agg
AO'I — _(CialD: As}mload
Agimload — IBE(I, (CSID, C?ID): Aggnload

» Followed by reloading
Ag] = B¥(1,C3P, C7F): A€},

unload

AS}‘/O = AEI/O + AEI/O

Ag; >0

A£I<O

7

inclusions

oN

N load
As}lnload Agunload Asgn oa

inclusions

composite

| matrix: O

matrix: o

1cSD 7
0 €

Ag] AEF Agj

A
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

 MFH with matrix and fibre
bundle damage models

— Incremental-secant MFH
« Damage in matrix

N N

o .~ O
matrix: O .
matrix G

matrix

G, — 05°S = C3: A€}
or 6, = C3°: A€
s ; > >
_ _ _ oo (Do,) | £ £
(CLCC — «:SD:(l _ DO)«:S An T =el .:
0 0 0 O_Bes \‘V«:O :
. . Asunload
 Damage in Fibre bundle 0
c N
G, — 67 = CP: Ae}
=L =SD_ el D
€ = ¢P=t' (0
o1°(D
res y |
g (Dyg
:gsunloadj >
? : : N—
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

 Test of Phase-Field formulation

ol loadi _ 2500 n
— Axial loading on composite Oc =2205.0 -
y 1.4 mm N 2000+
*F E -
X D 0 0.5 1 éx % 1500
a) Damage in fibres, configuration 1 =
(a) gein f fig = 1000
L e | 500
Do 0 0.5 1 ; .
(b) Damage in matrix, configuration 1 800 001 0.02 0.03
Em
2500+ n=2.7
i - Y oo = 22050
D1 D_. 05 .—1 Z X 2000
(c) Damage in fibres, configuration 2 © 1
a 1500
2
B N S 10001
0 0.5 1 Y
DO _— - [Z X 500 — fg = a",t 2
(d) Damage in matrix, configuration 2 — Jy=v2 mm
8,00 0.01 0.02 0.03
Em
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

* Laminate study 1000 . : : .
) Conf. #3——=
— AS4/8552 — Notched Specimen 500
& 600t
s
£
wj¢ 400 Conf. #4—
90°
900 200} Phase-field fibre model |7
----- Local fibre damage
0000 0001 0002 0003 0.004 0.005
Az
T,

Composites Science and Technology, 71/12, A.E.

Scott and M. Mavrogordato and P. Wright and I.
N m— T { Sinclair and S.M. Spearing, In situ fibre fracture

64% a) ; 70% | h) 80% measurement in carbonepoxy laminates using

high resolution computed tomography, 1471-

0° Splits  Delaminations % of final fallure load 1477, 2011

57% |

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

* Laminate study
— AS4/8552 — Notched Specimen: Configuration 1

Local fibre damage Phase-field fibore damage

—

(

- D, O-degre [-] o O-degre [-] _
1x106 1x10% 1 1x10'6 1x103
r - r -
| Dy 90-degre [-] . Dy 90-degre [- ]
1x10% x10°3 1x10% x10°3 1
| -1 _ -1
' ‘
s il Odegre[]h
1x10% 1x10° 1 1x10% 1x10°3
| I _ 1
Composites Science and Technology, 71/12, A.E.
Scott and M. Mavrogordato and P. Wright and I.
Sinclair and S.M. Spearing, In situ fibre fracture
measurement in carbonepoxy laminates using
Active delamination Active delamination high resolution computed tomography, 1471-

1477, 2011
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

* Laminate study

— AS4/8552 — Notched Specimen: Configuration 2

Local fibre damage

D, O-degre [-]
1x106 1x10°3

1x106 x 103
-

w

Dy O-degre [-]
1x10% 1x10° 1
_ L

VA

Active delamination

Phase-field fibre damage

Dy 90-degre [-]
1x10% x10°3 1
| I

Dy O-degre [-]
1x106% 1x103% 1
L

T e

| I
Composites Science and Technology, 71/12, A.E.
\ Scott and M. Mavrogordato and P. Wright and I.
Sinclair and S.M. Spearing, In situ fibre fracture
measurement in carbonepoxy laminates using

. L high resolution computed tomography, 1471-
Active delamination 1477, 2011
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

* Laminate study

— AS4/8552 — Notched Specimen: Configuration 3 & Configuration 4

Phase-field fiore damage, #3

|

D, O-degre [-]
1x10% 1x10% 1
E .

D, 90-degre [-]
1x10% x10°3 1
L

= 4 ) -

Dy O-degre [-]
1x106 1x103% 1
L

g

Active delamination

Phase-field fiore damage, #4

x10% 1x10° 1
[ . R |

D, 90-degre [-]

1x10% x103 1
E |

m

il ) -

Dy O-degre [-]
x 106 1x 103
_ -

Composites Science and Technology, 71/12, A.E.
Scott and M. Mavrogordato and P. Wright and 1.
Sinclair and S.M. Spearing, In situ fibre fracture
measurement in carbonepoxy laminates using
high resolution computed tomography, 1471-
1477, 2011

Active delamination

A
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

* Laminate study
— AS4/8552 — Notched Specimen

g—la—_
i Nl
a4l -
DO [-] Y
1e-06 0.001 1 |z X
N |

: 4 Dy 90-degre [-]

DO [-] o
1e-06 0.001 1 \; X
[ |
ﬁ‘ ‘- D, 0-degre []
DI[] v
1e-06 0.001 1 ZX

Composites Science and Technology, 71/12, A.E.
Scott and M. Mavrogordato and P. Wright and I.
Sinclair and S.M. Spearing, In situ fibre fracture
Active [-] measurement in carbonepoxy laminates using

0.1 0.55 éx high resolution computed tomography, 1471-
[ | 1477, 2011
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

« (Geometry
— Yarns:
* Non-local damage & Phase-field MFH following yarn direction

— Matrix
* Non-local damage

L,=4b+2e,

\ 4
A
v

L, /4 L, /4
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

« Damage distribution for uniaxial loading
— Yarns:

» Non-local damage & Phase-field MFH following
yarn direction

— Matrix
* Non-local damage

- «

DO [-]

0.0001 0.01 1
EE— |

Damage in matrix (in & out of yarns)

-
»”

\i{,/
-

DO [-]
0.0001 001 1
I B

Damage in matrix phase out of yarns

DI[]

0.0001 001 1
E—— B )

Damage in fibre bundle phase of yarns

DO [-]

0.0001 001 1
I e

Damage in matrix phase of yarns

q 'I LIEGE July 2022 - CM3 research projects
universite
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

» Effect of boundary conditions

1200 -
— Side faces periodic and upper/lower — PBC
faces flat (MBC/KUBC) vs. full PBC 1000} | ..... KUBC
o 800
(a0
=
< 600
53, -~ T
_ - 400 |
615
200[ 14|
g 6 /
0 . . 612 :
0.00¢/ 0.005 0.010 0.015 0.020 0.025
me
DO []
0.0001 0.01 1
[ |
:I-Lu‘sGE - o
ity July 2022 - CM3 research projects 187 <‘Beqmn|nq




Non-Local Damage & Phase-Field Mean-Field-Homogenization

« Effect of boundary conditions 1400 T——— ES
— 2-ply layout with full periodic BC 1200 —-- KusC 890 =22
o 10007 === 0-90 out of 2L
% 800l Manufacturer';..,ﬂ:- ...... 7.11.-
- ’// 9 1’14'
= 600 - K (AN
- o
Ib>< - - .":/ z/”
- ——g.‘Q_Q»__-:,. =
_- ’200 #2542 615
- 1 Z 541 4-
0 _ 2%8- =t i 217 /

. . 0.0001 001 1
Damage in matrix - G Damage in fibre bundle — |

phase of yarns phase of yarns

A
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

* VISCOS project, 215t Call of Skywin
— SONACA S.A,, e-Xstream (Hexagon S.A.), Isomatex S.A., UCL, ULiege

* Publications (doi)
— 10.1016/j.compstruc.2021.106650
— 10.1016/j.compstruct.2021.114270
— 10.1016/j.compstruct.2021.114058
* Open data
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https://doi.org/10.5281/zenodo.4718641
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https://doi.org/10.5281/zenodo.4718641

Y

Computational & Multiscale
Mechanics of Materials

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

\

Microscopic
boundary

. conditions &
constraints

Generalized
Hill-Mandel
condition

q 'I LIEGE July 2022 - CM3 research projects 192 <l Beginning
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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 T

v LIEGE July 2022 - CM3 research projects 193 <‘ Beginning
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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

of r Ofm
QT—2Q5U,, +r—Q

cT(ccT) ( s[g?gD:o

oUu,, oUu,, c
COUp +1c — S [‘””“g] =0 & Q=1-CT(cc™)'c
X6

— FEM resolution: §Fy :53(54:0

U, = —K™? <r + ( QT

— Constraints effect: r = r.=0

Only one matrix to factorize
CT(CCT) > > ~ !

of
K=CcTc+QT—-0Q

ou,,
0Un, K ( QT cT(ccT) ) 7
0|Fy  xi]
— Macro-scale operators at low cost
T 0Py 0Py [ 0Pn . 0Pm .
g;:M ggﬁ = /\V( ) g,gz:m g?% do |—2
_aTE xcl \ e o B eV o1 Xl
A—

July 2022 - CM3 research projects
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Boundary conditions and tangent operator in FE?

« Thermo-elasto-plasticity

(P = — P dw
V(wo) wo
™M= 5o fwoqmdw
1
pMCvM V( O)IPvamdw
< D= = ——— [ D dw
V(wp)

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 ——

5 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 & Multiscale
Mechanics of Materials

— 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 >
3
S 160 b=
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

200 <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-_ =~ 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) \ ]

f i _ e
] Si(400) ] ]
e S O R et o e
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] )
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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)

204 <1 Beginning

“ ¥ LIEGE July 2022 - CM3 research projects

université



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 July 2022 - CM3 research projects 205 <‘ 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
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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

July 2022 - CM3 research projects

207 <1 Beqinning




* The meso-scale stochastic model

— Application to film deposited at 610 °C.:

— Comparison between micro-samples and

0.08

Stochastic 3-Scale Models

generated fields

0.07

20.06|

Dens

20.04}

< 0.03

Q0

(@]

& 0.02
0.01}

o 0.05f

0.0

[ Micro-Samples

[ 1 Generator

65 170 175 180 185 190 195 200 205

CM11 [GPa]

\ Micro-Samples

Normalized}?c%,l)
[ 1.0
- 0.8
- 0.6
- 0.4
- 0.2

- 0.0

~-0.2
1.0

Normalizedﬁg,l)

1.0
0.8
- 0.6
0.4
0.2
0.0
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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 - N
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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
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Stochastic 3-Scale Models

« Thermo-mechanical homogenization
— Down-scaling

oM, v, (PmCum)
Cm, kM, M Cy,

Meso-scale BVP

j pm 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 V( fmevde ~

— Consistency =3 Satisfied by periodic boundary conditions

A
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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
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Stochastic 3-Scale Models

« Accounting for roughness
— Second-order homogenization

B T

Em, Kum

nM == CMl:SM + CMZ:KM

my = Cy,: ey + Gyt Ky
Meso-scale BVP
—_— [ 4T A== -
resolution

— Stochastic homogenization
« Several SVE realizations
« Foreach SVE w; =V; w;
» The density per unit area is now non-constant

w =Ui wi

Computational

homogenization
Samples of the meso-

scale homogenized

wj =VU; w; elasticity matrix Uy &
density py
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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 — Si
Grain orientation uniformly distributed — Si

Reference isotropic material — Iso

' : o - [ o
-0 F — Sluni H ‘. | @ F — Siuni '
= H H | |
%J -8 R — Iso : : 52(} I u---2 R — Iso | :.'.._‘
g 4 »---> R — Siypi : 5 g i b-e R — Signi :_.' '..' oa
% S Q15 ' P ¥
. oY ¥
23 2 o AN
= : = i T
5 . s B 1.0 Fod
% 2 ' ,:‘r_-. é ¢ 2 4 S S
- S g ¥ ; . .
& o > dm | | &0.5 . .
R .!" T e o A g W .
L ..—"' oy R e S ""-'gh ...
L i T Y —— i o
9.6 9.8_10.0 10.2 104 10.6_ 10.8 11.0 Y410 115 190 195 130
First mode frequency [MHz] First mode frequency [MHz]
Roughness effect is the most important Roughness effect is of same importance as
for 8 x 3 x 0.5 um?3 cantilevers orientation for 8 x 3 x 2 um3 cantilevers
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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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Computational & Multiscale
Mechanics of Materials

=

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

July 2022 - CM3 research projects
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http://dx.doi.org/10.1016/j.cma.2010.08.014

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
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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
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http://dx.doi.org/10.1016/j.engfracmech.2013.03.018

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
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DG-Based elastic damage to crack transition

« Slit plate _
E
D
1 o O
9
A
2 —>
|
3 —_— —>
0.5 = .
é
€ >
e n >
0 REEERR’
Non-Local+ CBM Non-Local
127 127
Force evolution for k=0 Dissipated energy for k=0
1¢ - - i -
— ,“;3‘“.;‘3“ ra ~ /
/.\0_8 - :.:i:’i\ ~~¢~’§:' \ -—|0.8 L
3 /! L . AN
= o060 /s i ! 206 o
s : I KH “
) IS 2 —~ N
o4 / EY S gl {4 Non-Local only = == ==
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DG-Based elastic damage to crack transition

: Ey
« Slit plate TITQTI?
— Triaxiality effect through ratio A ng
9
1.27 _ 1.27 : I
Force evolution for k= -0.5 Force eyolution for k=0.5 % —>
i i Y a2 o RS
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Tension test

Shearing test

DG-Based elastic damage to crack transition

% ¥ LIEGE

université

Comparison with phase field

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

Non-local model

Cohesive band model

s
=_
o -

0.8

Force F'[kN|
© © o o o o
- N w N (&)] (@]

o

Force-displacement curve

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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Computational & Multiscale
Mechanics of Materials

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 July 2022 - CM3 research projects 231 <‘ Bedinning
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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 July 2022 - CM3 research projects 232 <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 ~ ~
b6 =3+ 2q1f cosh (22) =1 - ¢3f* <0 vs
2Ty

Ty

V

|

Coalescence mode:
Thomason model

2
¢T = ETeq + |p| _ C{(X)TY <0

1.2 : 16 _
|
| | a1/
-—-—-—_.______--
! 12 |
T T !
— 0.8 ! — 1
= ! o1
o = 1
s | s |
é | E |
; 0.4 : ; 06 :
o | o i
| 0.4 |
1 1
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| /\
0 | | | 1 | | | | 0 | | 1 | | |
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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 'I LIEGE July 2022 - CM3 research projects 234 <l Beginning
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Non-local Gurson damage model to crack transition

« Comparison with literature [Huespe2012,Besson2003] 700

X “H] @ [Besson 2003]
600 Vl:l v [Huespe 2012] &
i i e |15, = 170 pm '
Slanted plane strain specimen 500 | e
E' lmesh =175 jrauss
5400 | 550 ==
% | 500
R, 300 T 450 |
s
S 2009 )
~ 350 f
100 | 300 |
250
0.5 0.52 0.54
0 0.1 0.2 0.3 0.4 0.5 0.6
. Thick. reduction Ae/ (eg) [—
Cup-cone in round bar - [l 1
‘37_— ™ va
500 ya s
= W Ao\
= 400 Va
= v
S R,
= 300 @y
% o [Besson 2003] o
5 200 v [Huespe 2012] o
= _kw =0 \
100 - [=———Fk, =1
k,=4 g
0-*- L 1 ! L v 1
ﬁ 0 075 > 15 0 0.1 0.2 0.3 0.4 0.5 0.6
E . i edetion e (o)
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Non-local Gurson damage model to crack transition

« Grooved plate

x 0 0.75 > 1.5
N -

« MRIPF MECATECH project

— GDTech, UCL, FZ, MECAR, Capital People (Belgium)
* Publication (doi)

— 10.1002/nme.5618
— 10.1016/.ijplas.2019.11.010
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Computational & Multiscale
Mechanics of Materials
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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
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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}
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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
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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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Computational & Multiscale
Mechanics of Materials

Jxx
[MPa]
Jro #1

[MPa] \

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 July 2022 - CM3 research projects 244 <l Beqginning
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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
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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@®
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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]
—0.001 [1/s]
9 9 = 220C |-=-0171s5]
sl S 0,001 [1/s] ref
v=0=0.1[1/s] ref
7_
_ jfi |
= o o !
:‘ 5 f)’, ;“f 4
§ A P fi]
7] 4k 0 \_\ “.:’¢’/‘\‘ : 4
N A - ]
3ria N =™ ‘_'_-’l" v
) -""3",7- ------ . ;
] 7
1 ] ] 5x 10 . i
L ‘ ‘ , o ——0.001 [1/5]
0 0.2 0.4 0.6 08 1 12451 -==0.1[l/s] 1
—True strain [-] at == 0.001 [1/s] ref i
0.1 [1/s] ref
3.5¢ 1
, U= 40°C 6
L "y XlO
3 '\ -l ? T T T
Y Tt — 0,001 [1/s]
AN .- : 1 -==0.1]1/s]

== 0.001 [1/s] rel
““““ 0.1[1/s] ref

______

Stress [Pa]
(S
o

b2
T

in
T

= —_— 31
0 0.2 0.4 0.6 0.8 1 12
—True strain [—| )

0 0.2 0.4 0.6 0.8 1 1.2
—True strain [—]

A

lﬁ 'I LIEGE July 2022 - CM3 research projects 247 <‘ Beginning

université



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

% * LIEGE _ - i
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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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http://dx.doi.org/10.1007/s11012-017-0743-9
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Computational & Multiscale
Mechanics of Materials

i Pt P P 9 P P s 920 P 8 P g ) e s P I e s W s W W s e S s B e [ §
A S S S S S SO NS AN ANANARANARAVANARAN;ARAVARANAN IR
L\T\T\T\ ?\I\T\T\I\T\T\T\ INININT */”'\ = ) Ea /K{.\/‘ = //-l'\ e e e e P i S

e L eSS S SSs h’?f%"?‘ﬁ%’/\r“ﬂbﬁ VA VP4V Yl VA VA VA PATARY
: 70 7 728 WVt WV Ve A WA P P e o i e e s e e~ = LA AN A AT A A SIS

A

< ]
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

A
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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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Computational & Multiscale
Mechanics of Materials

Statistical properties

‘\
\
10%1(1(52/””62))

Stiction risk

l0g10(€ [rad/fanl) 0 Ology (¢, [rad/um)) G | i T

| F5(d), Contact force ‘ S ‘
l

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

.= dl i

/ . ,
| &Zak—\ﬁ/ | ‘ > "
C

x 1073 /
|‘2—'T 2[ 1 9
a-. %
van der Waals/Hertz forcesat = | % %
- 2 4 % -\
3 the asperity level £ 5 * 7
= i i % Loading n=1
o 2] & i 1
o i --== Elastic
S i
"0 i
3 -af B - n=1
s I .
- T8 . -=== n=2 | Loading
c EU
g & ]1.'. ’ n=3 cycle
) 25 3 35
Dimensionless distance d/c. Meso-scale adhesive forces
in terms of loading cycle
q 'I LIEGE July 2022 - CM3 research projects
universite
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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 ‘

1
\ <
S 0s
3
BS
3 0
i=
=
O
-0.5

12 14 16 18 20 22
Distance [nm] _
Meso-scale adhesive forces

in terms of surface sample

< A—
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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) = f exp(—i{ - DR (2)dg
R2

-/

-

Height Probability Density

Function

—— Estimated PDF
10° ! = = = Gaussian
—— Normalized histogram

g 0
N |
&
s -2
a0
2 -3 L
-4

1 1
log(&y [rad/pm]) 0 01og,,(¢, [rad/um])

-

Generated non-
Gaussian surface
samples
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Stochastic Multi-Scale Model to Predict MEMS Stiction

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

O

ylpm] 10‘0 1 21:[/1111]
|
|
|
|
|
|
1

Generated non-
Gaussian surface
samples

~

J

I F°(d), Contact force

- Contact Asperity
phere approximation

[=]
o o
=] ()] —_
T T

Contact force F' [MPa]

|

=

— =
— T

1I3 1i5 ll’l 1i9
Distance d [nm]
Computed meso-scale adhesive forces
A
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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) £

I.
Principal component analysis from
-/ covariance matrix [R,] of vectors q¥

"= (q-TAlA"Y?
Polynomial chaos expansion

n°c = Z o Wa ()

5 1] 15 0 25 I

d [nm] Yy
0.1
=
¥
Zo0s|
3
[<B]
2 of
L
4+
Q
Shost
=]
Q
O
—0.1F i i : .
1 13 15 17 19 11 [ERNT 17 19
Distance d [nm] Distance d [nm]
Computed meso-scale adhesive forces Generated adhesive forces
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q 'I LIEGE July 2022 - CM3 research projects 260 <‘ Beginning

université




Stochastic Multi-Scale Model to Predict MEMS Stiction

« Stochastic multi-scale model: Stochastic MEMS stiction analyzes

Stochastic finite elements (random contact law variable)

]D)l ]Dz
D, -
/ / FN

. 10° { ——Exp data [Xue et al. 2008]
0.1 NE —— Num results: mean
i Ny Num results: 95% range
Pg = Num results: 60% range
ﬂOS - .E. 101
LT~( — Non—-Gaussian
S > N
= Of E'D
S <
g m 10
=0.05}
5 S
S B ™
8 Gaussian
—0.1F ‘ . : . a:: 10_] L
11 13 15 17 19 @ . ' . . . . .
Distance d [nm] 30 40 50 60 70 80 90
Relative humidity RH  [%]
Generated meso-scale adhesive forces Stiction risk
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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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