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Direct links

. Hybrid quantum annealer-classical computer variational framework for elasto-plastic materials

. Data-driven approaches

Deep Material Networks from the interaction viewpoint ;

Mean-Field-Based Deep Material Networks for woven composites ;

Stochastic Interaction-Based Deep Material Network ;

Recurrent Neural Network-accelerated multi-scale simulations in elasto-plasticity ;
Self-Consistent Recurrent Neural Network for multi-scale simulations with irreversible behaviours ;
Recurrent Neural Network with dimensionality reduction and break down ;

Multi-Scale optimisation of meta-materials ;

Seqguential Bayesian Inference of complex model parameters ;

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 ;

Finite-strain thermomechanical quasi-nonlinear-viscoelastic viscoplastic model for thermoplastics ;
One-Way and Two-Way Shape Memory Polymers ;

. 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 FE?;

. Fracture Mechanics

2 LIEGE

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 ;
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Computational & Multiscale
Mechanics of Materials

Hybrid quantum annealer-classical computer variational

framework for elasto-plastic materials
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Introduction to Quantum Computing

« Bits vs. Qubits: Bit Qubit
— Superposition of states: 0 _\ 0
* A quantum bit can be 0 or 1 at the same time ( )

— State vector of a qubit

. . 1 0 1 1
« Computational basis |0) = <0> & |1) = <1>
(04
) = ( ) = a|0) + B|1)
 Notations: ¢ g “ Al la|?2 + |BI? =1 )
0
@l=(@ B )

* Qubit represented on the surface of the Bloch Sphere

|p) = eid <cos (g) |0) + ¢ sin <g> |1)>

« Global phase e!® has no observable consequence

0) +1]1)
- V2

(NB relative phase has consequence)

— At measurement (in the computational basis)
- Either |0) or |1) with respective probability |a|? and |3|?

A
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Introduction to Quantum Computing

* Multiple (connected) qubits:

_ |Po) = apl0) + Bo|1)
— Product state of 2 1-qubit states:

|$1) = a1|0) + B1]1)

l > |@) = |Po) & |d1) = apa;[00) + apB1]01) + a1 5,]10) +BoS1]11)
— Most general 2-qubit state

09 +1]1)
G

|) = apo|00) + @p1|01) + aq9|10) +a;,]|11)

Because of entanglement, a K-qubit state is more general

(it cannot always be written as the product of K 1-qubit states)

There is not always K equivalent 1-qubit states to a K-qubit state, e.g.
1 1

) = 75100) + 0]01) + 0]10) +—|11)

— A system of K coupled qubits

Is a 2K -state quantum-mechanical system

« Whose state can be represented by any normalised linear combination of 2X basis states:

|$) = $0/0) ® [0) .. @ |0) + $1]0) @ [0) ... @ [1) + -+ + x4 [1) .. @ [1) @ [1)

2K_1

with z P12 =1 | » Because of superposition, potentially, a quantum computer with K
(=0 qubits can take 2K bitstrings of size K in parallel at the same time.
A classical computer can only take 1 bitstring of size K
N A—
v LIEGE May 2025 - CM3 research projects
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Introduction to Quantum Computing

* Quantum annealer
— Goal: finding the ground state of a Hamiltonian H
|bo) = argmin (b [H |@)
— Based on quantum adiabatic theorem:

 Considering a time-varying Hamiltonian Hg, (t) initially at ground state, if its time evolution is
slow enough, it is likely to remain at the ground state

— Adiabatic quantum computing:
« Starts from the ground state of an easy to prepare Hamiltonian H;
« Evolves to the ground state of the Hamiltonian H which encodes the sought solution

t, —t t
Hoa(t) = (ta = 0) H;+—H
a a A
_ Thermal
— Quantum annealing annealing
« Exploits quantum effect such as quantum tunneling

» Less sensitive to noise than Gate-based QC A
» Less versatile than Gate-based QC ~ Quantgm
/J\ _ annealing

o/

A=
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Ising Hamiltonian-based quantum annealing

* Ising Hamiltonian
— Goal: finding the ground state of a Hamiltonian H
o) = argmin (p[H )

— Some definitions
- Setof K qubits V={0,..K—1}
- Set of interactions between 2 qubits E c{(i,j) |i€V,jeV,i<j)}

0

_1] and identity 1= [(1) (1)

« Pauli- Z operator Z = [(1)

st

« Pauli- Z operator applied on qubiti: Z; =1 @ -~ QIQZRIIQ &
0 i K-1

« Pauli- Z operator applied on qubits i and j:

Z,=1® QIQZIIQ - QIQLBIQ® ® I
0 i j

j K-1
— Ising Hamiltonian represented by an undirected graph (V, E):
- H= zhizi + z JijZij

iev (i,j)EE
 Is a 2X x 2K diagonal operator in the computational basis

< A—
¥ LIEGE i N
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Ising Hamiltonian-based quantum annealing

* Quadratic Unconstrained Binary Optimization (QUBO)
— Goal: finding the ground state of a Hamiltonian H

— In terms of spin variables e (LI)eE
- Computational basis of H |@) = |bg by ...bg—1) with  b; €{0,1}

«  We have successively

\ 1 0
i e o) ol

\
=l®-®18Z8188 | \_> Z|p) = (=1 ¢)
0 K1

)

Z; =10 QIQLRI®-RIQZRI®-® I |, Zj¢)=(D"(-D"|¢)
0 i j K-1

 Defining the vector of spin variables: s = [(=1)P: Vi e V]

|
| » The eigenvalue of Hreads Fising = z his; + z JijSiSj = sTh + s7]s

iev (i,j)EE
with h=1[h; VieVv] & J=[ V(G)) €E]
User programmable

| A b
l_> |o) =argm¢§n (pH|P) < > S=argn;i,n7’15mg(5’@ parameters

A—
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Ising Hamiltonian-based quantum annealing

* Quadratic Unconstrained Binary Optimization (QUBO)
— Goal: finding the ground state of a Hamiltonian H

— In terms of spin variables e L1k
-+ Computational basis of H |¢) = |bg by ...bx—1) with  b; € {0,1}
- Vector of spin variables: s = [(—1)? Vi € V]
The eigenvalue of H reads Fising = z h;s; + z Jijsisj =s"h+s']s
iev (i,j)eE
with h=[h; VieV] &J=[} V@))€ E] User programmable

[ Y

— In terms of binary variables

 Vector of binary variables b = [b; Vi € V]
«  Spin-binary variable transformation s; = 2b; —1:{0,1} » {=1,1} & property b} = b;

- Fising = z his; + z Jijsisi |, Fqueo = Z A;jb;bj = b"Ab
iev (i,j)EE (i,))EEV{(i,i)VieV}
. L _ , User
|¢O) = arg m‘I}n <¢|H |¢) w b = arg rrll)l,n :FQUBO(b ; programmab|e

parameters

A—
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Ising Hamiltonian-based quantum annealing

e Summary
— Goal: finding the ground state of a Hamiltonian H

. . . eV (i,j))eE
— Adiabatic annealing

« Starts from the ground state of an easy to prepare H;

o ) ; Cthe Hamiionan H Quantum
volves to the ground state of the Hamiltonian /) annealing
(t, —t) t \\//
Hqa(t) = at H;+—H e
a a

— Problem reformulated in terms of binary variables
- b=[b;vVieV] with b; €{0,1}
* Eigenvalue  Fquygo = bTAb
L _ , User programmable
¢ QUBO optimization b = arg rrl1)1,n Fquso(b'; parameters
— In practice
* Provide the QUBO matrix A
« Set the annealing time t, (typically 20 ps)

« One annealing returns a sample of b

« A single run may not provide the global minimL{m due to environmental noises, hardware
imperfections, pre- and post-processing errors | » requires several reads
#LIE e
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Quantum computing & finite elements

« Set of PDEs to be solved
)
— Strong form lwy Weak form:
V-o(x) +by(x) =0 | \/j 0(x): V&S du(x)dV = j b, - dudV +j n-o-éuddlV
0 14 |4 d

NV
— Constitutive model:

o(x,t) = o(VQS ulx, t);q(x,t)) with evolution law  Q(o(x,t),q(V®° u(x,7):1<t)) =0
* Finite element formulation
— Displacement field at quadrature point = from nodal displacements vector U
u(g) = N,(B)U, (_> €E) =V®°u(E) =B,(E)U,

— Resulting non-linear system of equations on time interval [t,, t,,;1]

j 0(x):V &S du(x, t)dV = j b, - dudV +j n-o-éuddlV
14 14 NV

) - - - .
‘_/ sU} - Z Bl (%) a((E))a)a = 8U} - Z N, (B) by(B)w® Omitting surface tractions

)
Ly =) Bl@ 0@0% = ) Ny(@) (Do = f5
with 0(E the1) = G(Ba(E) Ugn+1;q(E tn+1))
Q(G(E' tn+1)' q(E, tn+1)r q(E' tn)) =0
a_
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Quantum computing & finite elements

» Consider classical finite element resolution on Quantum Computers?

FE Newton-Raphson iteration (i) « (i) + 1

Constitutive NR iteration (k) « (k) +1

an+1

— What can be solved on a Quantum Computer?
« Optimization problems can be solved (Actually Quantum Annealers look for a ground state)
« Some operations can be achieved efficiently on classical computers like assembly

— Do we need the same resolution structure?

» Do we need intricated NR loops?

Do we even need to use the discretized form of the weak form?

[ . =
jv o(x):V Q3 du(x)dV = fv b, - éudV | , it = Z Bl (B) 6(B)w® = f5X

A
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Quantum computing & finite elements

* Linear finite element resolution on Quantum Computers?
— Assuming linear elasticity

1
» Existence of a free energy ¥ = Es(x): C(x):&(x) with  &(x) = V&5 u(x)

ik d
. Stress results from e(x) = rri C(x):e(x) = C(x): (V®° u(x))

— Finite element form:

« At quadrature point using nodal shape function derivatives: a(2) = C(E)B,(E)U,

* FE equations firt = z B, (B) 0(B)w® = f**

N
‘_) ZBE(E)C(X)BawEUa =KgpUy = le)Xt

« Defining the internal energy and work of external forces

1
b = E UbKab Ua _ WeXt W|th Wext — ngtUb

N
| » The solution of the FE equations minimizes the energy

1
U = argmin (EU’TKU’ - fextTU’>

— We are looking for the ground state of a Hamiltonian

H=ZhiZi+ z ]l-jZij
iev (i,j)EE
A—
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Quantum computing & finite elements

* Non-linear finite element resolution on Quantum Computers?
— Weak form: f o(x):V ®° du(x)dV =f b, - dudV
1% 1%

— Assuming non-linear elasticity

- Existence of a free energy ¥(e(x))  with  &(x) =V ®° u(x)

oV
« Stress results from a(x) = —
| % Hwix)
L. » The weak form becomes f a—:&?(x)dv — j b, - SudV
v € v
— Introduction of a functional
- o) = [ W(TE u@)aV - W (u() & wot= [ by umav

4 1%

« The weak form results from nulling the Gateaux derivative

@' (w(V); su((V))) = ]

0(x):V Q3 édu(x)dV — f b, - éudV =0
74 14

I
I > The solution of the weak form minimizes the energy:  u(V) = arg m(ir% cp(u’(v))
ur(V

— We are looking for the solution of a minimization problem

« The potential is convex
« But it is not quadratic
* Quid inelastic materials?

A
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Quantum computing & finite elements

* Non-linear finite element resolution on Quantum Computers?

— Inelastic materials : :
internal variables q(x)

« Existence of a Helmholtz free energy ¥(&(x),q(x)) with
g(x) =VR°ulx)
— Dissipation D and Clausius-Duhem inequality
D D=ee-¥20 win w=or. 1
de aq
« Equality holds in case of a reversible transformation

[ ik [ ' . . ik d
l_l) o= e for anirreversible process: D=Y-q=0 with Y= _a_q

— Postulate the existence of a pseudo-potential ®(q) and its convex dual ©*(Y)

. 1) = Ca— 6 | > . 007(Y) ~00(q)
0(q) = max[Y - q — 6" (Y)] q=—y & Y——aq

— Power functional &€
* New independent variables (&, q)

.. : N A . .
. E(S,q)=W+0(q)=g:s—Y-q+9(q)

a& 00(q) _— . .
% =-Y+ T =0 € has to be minimized with respect to internal state

oy  ogeff

- Effective power functional*  £°(&) = min £(& q) with ¢ =—=—
q oe 0&

— The constitutive model is also a minimization problem “Radovitzky, R. Ortiz M, CMAME 1999

Ortiz, M., Stainier, L., CMAME 1999
A
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Quantum computing & finite elements

* Non-linear finite element resolution on Quantum Computers?
— In elasticity we had
o u(V) = arglrlrll(i‘;l) o(u'(V)) with o(u(V)) = J P(V QS u(x))dv — Wet(u(x))
74

— Double minimization problem in inelasticity

Power functional €

& 6 oF . : . £/ . .. \" gEeff
EEQ=—7:-Y-q+0(q) & E°(&) =min&(&,q) 0 =—
e q L/ 0&
« Volume power functional
P(a,40)) = | £ @ id) - W ()
|74
* Incremental volume energy functional on time interval [t,, t,,+1]*
AD(Upyq, Qne1) = f AE(V ®° Upy1, Gne1) — AW (U 4)
174
tnt o AAE LT
with  AE(V @° Upiq, Qpir) = f EVR L) & AE®(e) = minAE(s,q) , o= e
tn q
* The problem solution reads
—qn+1 = arg rrtlll,n AD(un44,9")
1 A0 (upyy) = min A (unyy,q') = j AEST(V ®° Upyy ) — AW
q v
— : eff ./ . .
Upyq = arg , min AP (u') *QOrtiz, M., Stainier, L., CMAME 1999
L u’'admissible

= N—
a ¢ LIEGE May 2025 - CM3 research projects 16 <‘ Beginning
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Quantum computing & finite elements

« Example: J2-elasto-plasticity
— Helmholtz free energy

1
© Y(&q) = 5(8 — ePl): ¢l (e — &P!) with  AeP' = AyN
)
‘ » Internal variables q = {N,Ay} under constraints N:N = % tr(N)=0 & Ay =0

— Dissipation pseudo-potential

: O(Q)={("3+R(”)7 ifyz0 @*(Y)={O if geq — 0y —R <0

00 otherwise o) otherwise

— Increment of the energy functional
- EEQ=%+0)
1
L 86 @ = 5 (e = /N = &) €% (e — arN = &)+ [ (o + RO)

1 1 1
- —E(sn—sg):«:el:(sn—eg) 3
| , AESff(g) = mqin AE(g, q) with constraints N:N=-tr(N)=0 & Ay =0

— The problem is stated as a double constrained minimization problem

—_ 3 !/
Qner =arg , min - A®(uyyq,q)
q' constrained

| A0 (u, 1) = min  A®(u,.q.,q) = j AT (V@5 u,.q ) — AW

q’ constrained v

Uy, =arg min_ A®°f(y)
u’admissible

A
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Quantum computing & finite elements

 Classical finite element resolution

FE Newton-Raphson iteration (i) « (i) + 1

Constitutive NR iteration (k) « (k) +1

Q)
(0’ (Ualn+1
* Finite element as a double-minimization problem
Loop until convergence

— ] n.
dn4+q = arg , min, AD(upy1,q);
q’ constrained

AP =  min  AD(u,.q,q)

q’ constrained

U= arg min  A®eT(u’)
u’admissible

— Quantum annealers: ground state of an Ising-Hamiltonian
* No need for Jacobians
* No problem of convergence

— But how to make the optimisation problem solvable by quantum annealing? .

'a ¢ LIEGE May 2025 - CM3 research projects 18 <‘ Beginning
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Double-minimization process solved by Quantum annealing

* Finite element as a double-minimization problem
— Finite element problem

Loop until convergence

— s n.
Qniq =arg , min AP (upiq,q);
q'constrained

APt =  min  A®(u,.1,q)

q’ constrained

U,.;=arg min  A®cT(u)
u’admissible

— Ising Hamiltonian for Quantum annealing
« Goal: finding the ground state of a Hamiltonian H: H = Z h;Z; + Z JijZij

\_> o) = argmin (¢[H |¢) iev (LDeE

 Problem reformulated in terms of binary variables b= [b; Vi€ V]  with b; € {0,1}

« QUBO optimisation problem  Fqueo = Z A;ijbib; = b’@)
(i,))eEEV{(i,i)VieV}

| , b =argmin TQUBo(b’;@ User programmable parameters
bl

— Steps to follow

» Transform the constrained minimization problem into an unconstrained one

» Transform the general unconstrained optimization problem into a series of quadratic ones
« Transform each continuous quadratic optimization problem into a binarized one

* Apply to the double-minimization framework

A—
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Double-minimization process solved by Quantum annealing

* Transform the constrained minimization problem into an unconstrained one
— Constrained multivariate minimization problem

- minf(w) with wiin < w < wmax

* Under constraints h(w)=0 & I(w)<0
— Augmented minimization problem

¢ foug®) = faug(W,2) = F(W) + c"(A(W))" + c'UW) + D)% with v ={w,) >0}
— Unconstrained minimization problem

© minfog(V)  with vt < v < vmax

« Bounds will be enforced during the binarization process

— Definition of the double-unconstrained minimization problem

Loop until convergence

— c n .
Qn+1 =arg , min - AP(uuiq,9q°);
q’ constrained
eff _ g /
APt = min  AD(Upyq,q°)
q’ constrained
U,;=arg min  APeT(u’)
u’admissible

Loop until convergence
Qn+1, 4 = arg {g}i/{}} AD, g (Uny1,9", 1)

Apeft = min ADyug(Ups1,q', 1)

I}A}

{q

U, =arg min_ AP (u")
u’admissible

A
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Double-minimization process solved by Quantum annealing

* Transform the constrained minimization problem into an unconstrained one
— E.g. J2-plasticity
1 pl pl Yn+1 0 .
. AE =§(gn+1 AyN — &P )( (£n+1—AyN—£ )+Jyn (ay +R(V))d)’

5 (el 0t (e - B

 Under constraints N:N =% ., tr(N) =0 & Ay =0
« Change of variables
N:N = a"Ma =2 ay  a/N2 /N2
3 ; N = a, a4/\/§ & M =cst
a=[ay...a,]T, —\E <o <- 5 SYM —ap—

» Definition of the double unconstrained minimization problem

Loop until convergence
qn4+1 = arg min AP (upyq,q');

q’ constrained

AP =  min  AD(u,q,q)

q’ constrained

U, =arg  min  APeT(u’)
u’admissible

Loop until convergence

2
3
1Ay, a} = arg min l f AE (Upyq, AY, @) + " (aTMa - E) dv

APeT = min A(Daug(un+1,Ay a)

Ayr,ar}

U,,; =arg min APcf(u")
u’admissible

'a ¢ LIEGE May 2025 - CM3 research projects 21 <‘ Beginning
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Double-minimization process solved by Quantum annealing

« Transform the optimization problem into a series of quadratic ones
— Unconstrained optimization problem

. min faug(V)  with v™in <y < ymax ~ 0 faug

Finey . =
—~ Taylors expansion QF(Z; faugv  faugv ) WEYE T gy |

o fag(V+2) = fou5(V) @ += ZTfaugVD y p 0% faug
augvv ;. —

— New series of optimization problems L Yo ovioy v

* lterate on zwith: z = argmin QF(2"; faugy » faugwv )

— Application to the double minimisation problem

Loop until convergence
qn+1, 4 = arg {flr}i/{}} APyyg(Un 11, q’,1);

Acpeff = rr,11n A(paug(un+1: q’,ﬂ.’)
{q'. A1}
U,.; =arg min_ A®cf(u)
u’admissible

Loop until convergence

Loopon wu,,; < u,,1+Au

|
Au=arg min Au AT+ - Au A0 Au’

Au’admissible ’ 2 uu
Loopon @1 < qni1 +Aq, 4 < 4+ A1

1T aqr 1 1T A1 /T p 4T
Aq,A2 = arg min ,}[Aq AV | A®augqny +5 (A" AV [A® g q 23q 13 (A" AX]

Apett = ACbaug(un+1: Qn+1,4)

A
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Double-minimization process solved by Quantum annealing

« Transform the optimization problem into a series of quadratic ones
— E.g. J2-plasticity
« Minimization with respect to the internal variables (at constant displacement field)

2
3
- A¢aug(un+1rAV; a) = f AE(Upyq, Ay, @) + " (aTM“ - _> dV — AW (U 44)

. 2
with A€ = %(Sn.,_l — AyN — Sgl) . Cel: (£n+1 — AyN — sgl) + jynﬂ (039 + R(y’)) dy’
—%(en — eﬁl) . Cel (sn — sgl) "

ON h T 3 = =
ADyyga = 2 Ag'N:ﬁ + 2¢"Ma | a’ Ma — > W= & ADyugp, = Z A& pyw™
i > Aq)aug,owu A(paug,(J(Ay’ AcDaug,Ayou A(paug,AyAy

* Minimization with respect to u,,,; (at constant internal variables)

[1]

aAgeff
— APST(u,, ) = j AT (u, ) dV — AW (u,,,)  with o= %
|74
| 89 ) = ) BTE 0(@0F - £
‘_/ b = Constant material tensor
205 ) = ) BTE(CEBEF - 1
— Only assembly operations required Performed on classical computers

A
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Double-minimization process solved by Quantum annealing

« Transform each continuous quadratic optimization problem into a binarized one
— Optimization problems to be solved
. , 1
¢ Z = arg H}I,n QF(Z ff;lug,fo;lug,vv) & QF(Z; faug,vrfaug,vv) = szaug,v + EZTfaug,vvz

«  With bounds: Vmin S V+Z < Vipax

« These are Ising Hamiltonians to be minimized, but not of the QUBO type
— QUBO

- b=[b;VieV] with b;€{0,1}

» Eigenvalue Fquso = b"Ab User programmable
« QUBO optimization b = arg rrtl)i,n Fqueo (b’ @ parameters

— Binary-decimal conversion of a scalar field

- Definition of a L-bit string under the form by = [bg ...b,_4]T with b; € {0,1}
L-1

« Conversion bp_q ...by = ij 2/ =BTby with B =[202% .. 2t71T
=0
» Introduce the bounds  z € [zMi", zmax]

_ . . zmax _ Zmin
z=z""+ ¢ B8Tb, with the scaling €, = T

» One scalar is represented (in a discrete way) by L qubits

— Binary-decimal conversion of a vector field
» Vector of size N represented by N x L qubits

- z=z""4[B"b; for i=0.N—-1] | , z=a+D(e)b

A
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Double-minimization process solved by Quantum annealing

« Transform each continuous quadratic optimization problem into a binarized one
— Optimization problems to be solved

. ] 1
° Z=arg n}}n QF(z), faug,v ) faug,vv) & QF(z; faug,v ’ faug,vv) = szaug,v + E szaug,vv z

«  With bounds: Vpin S V+Z < Vipax

— Binarization of z € RY into N x L qubits
Zmax Zmin
- z=a+D(e)b with the bounds defining a=z™" &thescales €=

|_>QF(Z faugv:faugw)@w Db + bTDT(ﬁ\ugv@ T(faugvva + faugv)

Fqueo(b; A)
— Minimization Y, f Minimum point
. Bound a= zmin and P | at iteration k+1
gzmax __ ymin ,U(k—i—l) !
- Scale €= ? ?
+ Updated when building the QUBO ZI\ !
U(k_l) Minimum point ®
:: at iteration k :
k k+1 lteration index

A
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Double-minimization process solved by Quantum annealing

« Application to the double-minimization problem

Loop until convergence
Loopon wu,,; < u,,;+Au

1
Au=arg min  Au' A0S +—Au APl Aw’
Au’admissible ’ 2 ,uu
Loopon ¢q,i1 < qui1 +Aq, A <A1+ A1
Aq, AL = in [Aq'TAN]AD Laq AN ]A® AqAx]
q, A4 = arg {Aflr}ﬂ,}[ q | A®aug gy + 2 [Aq |ADaugq 3t 23 [AG ]

Apeff = quaug(un+1; An+1,4)

Loop until convergence
Loopon wu,,; < u,;q +Au

1
f(Au) = AuTAQET + EAuTACQﬁ{lf Au

Update a,, D(¢,)

b, = arg min G b, DTA®E DD, + b, ' DT(AdET + qug{fau))

Loopon q,i1 < quni1 +A4Aq, 4 <A1+ A1
1
f(Aq» A/D — [AqTAA]ACbaug,{q A} + 2 [AqTAA]A(Daug,{q AHq A} [AqTAA]T
Update a,, D(¢,)
b, = in (& b’ "DTAD Db’ + b’ 'DT(® AD
q = argnyn| = Dq aug,{q 1}{q 1}DDbgq + Dg ( aug{qA} T A%Paugfqa}q l}aq)

annealing by
Aot = Aq:)aug(un+1» Qn+1,4)

* LIEGE May 2025 - CM3 research projects
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Application on 1D problems

 Uniaxial-strain test

b
7/ W EA VR W WS N S

T w(x)

« Elastic case
— Simple minimization conducted on the displacement field
« Consider different numbers N of elements
« Consider different binarizations L of each nodal displacement: b;_; ...bg = b; 2/ = BTb;
— Resolution by quantum annealing on DWave Advantage QPU J=0
Loopon wu,,; < u,, ; +Au
f(Au) = AuTAPgT + %AuTACDfI{f Au
Update a,, D(¢,)

sampler = EmbeddingComposite(DWaveSampler())
: sampleset = sampler.sample_qubo(A, num_reads=100, annealing_time=20)
anneallng b = sampleset.first.sample

~ =
q # LIEGE - inni
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Application on 1D problems

* Uniaxial-strain test by
JCACA A A A
> u,(x)

» Elasto-plastic case

— Double minimization L-1
« Binarizations L of each nodal displacement and internal variable: b;_;1 ...by = Z b; 2/ = BTb;
— Resolution by quantum annealing on DWave Advantage QPU Jj=0

Loop until convergence \
Loopon u,,; < u,;1 +Au L .
P we e T Double minimization iterations
f(Au) = AuTAQET + EAuTACQﬁ{lf Au

Update a,, D(¢,)
b, = arg mln( b, DTA®EDD, + b, ' DT(A2ET + Adeffa Local iterations

Loopon q,i1 < quni1 +A4Aq, 4 <A1+ A1
1
f(Aq» A/D — [AqTAA]ACbaug,{q A} + 2 [AqTAA]A(Daug,{q AHq A} [AqTAA]T
Update a,, D(¢,)
. 1 1 T T ! 1 T T
by = argmin qu D A®,yg(q a3(q 1}Dbg + bg D ((Daug.{q 2 T APaugiq a}q l}aq)

annealing by
Aot = A(paug(un+1: Qn+1,4)

= N—
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Application on 1D problems

o . by
 Uniaxial-strain test . =\ =\ =\ =\ =\ =\ =\

72
« Elasto-plastic case F———»~_—b W L I |

Uy (X)
— Effect of double-minimization & local iterations
0.10 —
x Analytic solution, bp=400
Z‘ 0.101 e 20elements, L =23
_0.08- s
E £ 0.08;
X 0.06 1 S
; < 0.061
GJ -
£ ] o]
© 0.04 ‘T 0.041
5 5
B 0.021  0.021
Analytic solution, bg=400 =
0.001 ® 20elements,L=3 & 0.00 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X {(mm) X (mm)
1071+ 70 -
—*— Displacement The number of local
2 60 -¥- |Internal variables . .
103 s iterations decreases as
- (0]
5 £ 507 the double minimisation
E 107> E . .
v 840 iterations proceed
8 10-7 S
E 10 E 301
=
1079 = 201
. . . . . 10
2 4 6 8 10 S
Double minimisation iteration [-] Double minimisation iteration [-]

A—
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Application on 2D problems

2D-elasto-plastic case

100

Reaction force [N/mm]

—100 -

LIEGE

université

(S,
o
L

|
U
o
L

T M T T T T T T T T T T e T T e T N

I/ITI“I“III

Double minimization

Uy (1)

Uy (D

» Binarizations L of each nodal displacement and internal variable:

Resolution by quantum annealing on DWave Advantage QPU

— FEM
> Current Solution

000 0.01 002 003 0.04 0.05
Uy [mm]

Current
solution

FEM

t=0>5s

bL_l e
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Application on 2D problems

2D-elasto-plastic case

T M T T T T T T T T T T e T T e T N

EITI“UII

Uy (t)

— Effect of double-minimization & local iterations

= p
o o
b i

=
(@
&

Relative error [-]

10—4_

LIEGE

université

Uy (D

100 B-geg-i-Tr-epg-r- - - -0 - I -0 BB - E-E
90 .
g Internal variables
'4;':0 80~
= 70 Displacement —e— t=0.255s
73 j -#- t=05s
S 601 ,‘,; — t=0.75s
N 504 1\ - e t=1s
o + ; E
o B
E 1 " A "\
E =
301 2R R £ B ‘l\
T T T T T 20_I T * T T r
5 10 15 20 25 5 10 15 20 25
Double minimisation iteration [-] Double minimisation iteration [-]
A
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Conclusions

» Application of QC to FEM
— FE resolution needs to be rethought
— It will probably stay advantageous to solve part of the problem on classical computers

* Quantum annealing
— Real annealers can now be used
— Efficient to solve optimization problem.... FEM is actually a minimization problem
— Main current limitation is the number of connected qubits

 Publication

— V. D. Nguyen, F. Remacle, L. Noels. A quantum annealing-sequential quadratic
programming assisted finite element simulation for non-linear and history-dependent
mechanical problems. European Journal of Mechanics — A/solids 105, 105254
10.1016/j.euromechsol.2024.105254

« Data and code on
— Doi: 10.5281/zenodo0.10451584
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Computational & Multiscale
Mechanics of Materials

Porosity

evolution
e DNS
Nievels = 3
=== Nievels =4
1.0 e T Nievels =5
0.00 0.05 0.10 0.15

E-XX + E-yy + ézz

Deep Material Networks from the
iInteraction viewpoint
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Deep Material Networks from the interaction viewpoint

Architecture of mechanistic building blocks

Homogenised behaviour
| P@®) =P(F(t),z(r <))
P(t) =¥i_o W' P'(t)

| F(t) =X ,W'F'(t)

\ Weight of node |

(parameter)

Example for a 2-phase material

{e ®o
( Material node i =0..9, of weight W*
—

Constitutive behaviours: PP(t) =PP(F'(t),z(t < t))

if node i € phase p for material p=0 or p=1

A
May 2025 - CM3 research projects 34 <‘ Beginning




Deep Material Networks from the interaction viewpoint

e Mechanismk=0..M—1

— Link homogenised deformation gradient to node ones

* Construction of a strain fluctuation field

F+Y"tla*a*®@ 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 \

. F=x,WiF l::) Z(Zwiai,k>ak®Gk=O '::> Zwiai,k=0
% :

i
— Weak form from Hill-Mandel

. PSF=x,W!PLsF ) [z (Zwipiai'k)c;k
k i

. 6ak =0

A
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Deep Material Networks from the interaction viewpoint

Mechanism k = 0

* Mechanistic building blocks: Laminate

— Interaction V’ as a laminate

4
L 4 .
"tapganns® /

/ “‘ vz
”’ Mechanlsqz k=2

- - . ""’ vs
— Parameters
- Weightt W' i=0..9 Mechanism k =5"""*""""""\achanism k = 6
« Unique direction for an interaction V/: /
k P
G N/, j=0.7 s
. € V?
— Constraint
.. . 5
. Z Wiahk =0 |:> a“* from nodes v
i G°> = G° = N°

weight in mechanism k

T
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Deep Material Networks from the interaction viewpoint

Mechanism k = 0
"*===.Mechanism k =

L/
...
L4

« Mechanistic building blocks: Laminate

—_

— Interaction V’ as a laminate

——_—~

/ ““--

/ ;|
i

\“‘ 'O......--_“‘ /

/ *
_ - -’ Mechamsqz‘fc =2
— Weak form Mechanismk.;"S'""""'""

[z (z WiPiai'k> -G*|- §a¥ =0

k ;

1 - 1 o\
- Wipt — ——— z WiP'|-N/ =0
w@m™) ; 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 interaction viewpoint

« Offline stage on a p-phase RVE

“‘---IIIIIII.....

L]
. u,
R e

— Topological parameters x
- Weightt W% 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, E1, V1 . Ep, vy, |
l:> Direct simulations on RVE =) C(y)  *~,

e Cost functions to minimise

I E) — Sy
e C00) = IEI

s=1

V?

» « stochastic gradient descent (SGD) » algorithm

A
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Deep Material Networks from the interaction viewpoint

* Online stage on a particle-reinforced composite

— Properties
» Elastic inclusions

» Elasto-plastic matrix

Shearing 5004 Uniaxial tension

60 -
20. 400
300-
= 207 =
o (a
Z 9 S 200
£ e DNS & e DNS
—20 Tperfect(zs) 100+ Tperfect(25)
—401 ———— Tperfect(26) 0- ———— Tperfect(ze)
—_— Tperfect(27) —_—— Tperfect(27)
—-601 e . Tperfect(28) -1004 &~ ... Tperfect(28)
000 002 004 006 008 0.10 0.000 0.025 0.050 0.075 0.100 0.125 0.150
FOl Foo—l

A
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Deep Material Networks from the interaction viewpoint

Multiscale simulation

o
_ 2 = 2
= <
2 2 0 a S |E
I P_u e ﬂ//—. nU nlw
= c <t \ @
E E “ , d
= S ; TN
—i /2 -.m
< - |5
= >
) O m C
o - o 2
2 s §
e o
1 1 [1°]
O _—
o ZW
o OB
m n ©O© ~ Q
N NN =
§ 883 =29
m c £ £ £ &£ -C
O o N O O @ O ODr”
= o - = |LEREREER
© <
g2 SNE ||| -
S g O = | L O
O o - 7)) o
o O O o O O o o o
0 ~N~ © 1" < M N

(N) 4 @2104 uooERY
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Elasto-plastic composite RVE

— Comparison FE? vs. DMN-surrogate

-




Deep Material Networks from the interaction viewpoint

FE - DMN‘I

. A—
u H\ESIE May 2025 - CM3 research projects 41 <‘ Beginning

 Multiscale simulation

— Stress-strain distribution at point A

— For 27 material nodes

- FEZ

704 —-- Tperfect(2'3)
— —_— Tperfect(2'5)
g; 601 Tperfect(z' 6)
ILE)': 509 o Tperfect(2,7)
S 401
C
230
U]
0 20-
o

10

01

0.00 0.01 0.02 003 0.04 0.05
Prescribed displacement u, (mm)




Deep Material Networks from the interaction viewpoint

E E

« Multiscale simulation ed =
0.2 l 0.2 I
— Stress-strain distribution at point B
— For 27 material nodes 0.1

80 1 .
—— FE? PointA __--77 FE - DMN g
701 === Tperfect(z' 3) .
E_ 60 —_— Tperfect(z' 5) Eeq
~ | e Tperfect(2 6)
>, ’
IL;') 509 o Tperfect(2 7) 130 I
O ' Paint B
S 40
c
2 304 65
@]
0 20-
o
101 0
0 -

0.00 0.01 ' 0.q2 0.03 0.04 0.05 , EE - DMN
Prescribed displacement u, (mm)
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Deep Material Networks from the interaction viewpoint

 Multiscale simulation

— Localisation step

— For 27 material nodes

Point B
0.6
c Y £ 4
Phases 4 . j 2.0
e Matrix ; 0.51 % ;
Fibers ©o4d@ B 1.5 .
Volume fractiong o 2
® 0.005 £ 0.3+ L ® o 2 o0
@ 0.010 @ L\ @ 1.0+
o 0.015 2 0.2 ® o @ > -4 ®
FE = DMN . 0'020 g‘ ® .(. : & - .('.. ﬁ‘ »
i @ © 0.5
w
@ o002 0.1 '.’. 'P(.; ® .. o P 6’0{((‘. o« o &*
o D [
0.0{ (B@ &L 'rr((". o oo @lect-o LR e
T T T T T 1 T T l T T 1 1 .l
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Node index Node index

‘. ’ H\EEIE May 2025 - CM3 research projects 43 Beginning



Deep Material Networks from the interaction 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” @ N/ =F', j=0.M-1,

\ Direction of mechanis
Contribution of node j (parameter)

i iIn mechanism j e
J Degrees of freedom of

(parameter?) : e
mec,jha]lCInlsm j _def|n|t|on the Weight of node i
strain fluctuation (parameter)
— Constraints from strain averaging \
. F_lelFl:>Z ZWL i,j a]®N]_0 |:>Zwl lJ—O
Jj \ievJ =372

— Weak form from Hill- Mandel

- P :S5F =Y, W! P! §F! |:> [Z( WiPiai'j)-Nf
ievJ

- 8al =0

A
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Deep Material Networks from the interaction viewpoint

* Mechanistic building blocks: Polyhedra

— Interaction V/ ,j=0..M — 1

.

&
*
0. .
\.....-_“’ ,]77

~
‘-__—’

— Fluctuation field

56’5 l iNS

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

1 _ — St . ,
Ftr— | w@vdar=rF [ F+ Z W Q® (tN/) = F!
Vil -V
% Jiev]
» To be compared with the interactions F + Zj:ievf aal N/ =F', j=0.M—1

—

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

C:) < 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)

A

# LIEGE May 2025 - CM3 research projects 45 <l Beginning

université



Deep Material Networks from the interaction viewpoint

« Offline stage on a p-phase RVE

— Topological parameters y
+ Nodal weight: Wt i =0..9 /]
« Direction of interaction V/: Nf,j =0..7 l :

- Interaction weight: a®J \
X = [WO .., WO N° .. N”,a%, .. a°7

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

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

C ICCys) = € vl

« Cost functions to minimise L(C, C€(x)) = — ICYI
Ys

— 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(Fo) — Z Gl F) |
— +— —
IPCE| 12 E

— By « stochastic gradient descent (SGD) » algorlthm

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

A
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Deep Material Networks from the interaction viewpoint

Online stage on a porous material

— Properties
» Elasto-plastic matrix
« Small strain

— Non-linear training

— Uniaxial tension

Stress-strain 181 Porosity
100+
501 1.6
0 3 1.4
IS
=301 DNS
—100+ 1.2 Nieveis = 3
=== Nieyeis =4
—1501 1041 e 7 Nievels = 5
0.0 0.1 0.2 0.3 0.4 0.5 0.00 0.05 0.10 0.15
Exx E-xx+€yy+ézz
2 A—
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Deep Material Networks from the interaction viewpoint

Online stage on a porous material

Properties

Elasto-plastic matrix
Small strain

Non-linear training with Material 1, on-line material 2
Random loading

WA |~

\J
thvz. &
VS 'f ﬂ.!“-g y

N, s
N 1

300 0.:30 0.|35 0.4(2)0
Ao Stress | 1 951 — DNs Porosity
2001 ‘ 9:} — = Njeveis =5, NT
i )
\T .00+
S 1001 a 100
S ' LT
= | oA A ;|
S LK et W 0.951
ﬁ ‘4‘?‘ \ m\,,:\_J'\ .‘ v \tl .KJ‘&A{I. '___36
" —100 ;v 0.901 0.90
—-200 - —— DNS: 6xx DNS: 6xy 0.85'
DNS, gy, == Njevers =5, NT 0.88
—-300+= - - : ; : . . , . . :
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
. Time (s) Time (s) .
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Deep Material Networks from the interaction viewpoint

Online stage on a porous material

— Properties
» Elasto-plastic matrix
« Small strain

— Non-linear training
— Thermodynamically consistent

GRS

=

0.30 0.35 0.40 o
300 L ) 20 |
. Stress E 0.6 Elastic+Plastic Energy
200+ v J 10 - v Elastic
AT ) € 0.4 + Plastic Y 4
=S 100- al 2 Equal i Al
f ke \ " £ 021 qual line .
E 0 i ﬁ! ,,j"" e -'-TRJ#! Hﬁ'"f g K o I -+
1 O o M O 0.0 RS A
% AR~ Y v s = 0.0
A — 1 . —0.2 1
» —100 YA §
_200_ — DNS, 6XX DNS, axy §‘_0.4-
DNS, 5yy == Nievels =5, NT g —0.61
—300-"— - - - - - o . . . . . .
0.0 0.2 0.4 0.6 0.8 1.0 L —-0.50 =-0.25 0.00 0.25 0.50 0.75
) Time (s) Applied increment (mj-mﬂ‘3)
LIEGE

Y

université

May 2025 - CM3 research projects

49 <‘Beqinninq |




2 mm

Deep Material Networks from the interaction viewpoint

Multiscale simulation

Data generation

Training

Simulation

VAVAVAV
“Xér«mé‘

A
~

Y.
x]

<
‘g,«

NATaY,
AV
AVAY

TN
VAN

%

SR
RN

7200 h-cpu

0.04 (linear) — 3.5 (non-
linear) hour.-cpu

0.16-20 hours.-cpu

0.1to 1 h-cpu

,0.01 mm ,
>

|Linear training

BN
o

Reaction force Fy, (N)

ageaseatess YT LI O

FE?

FE-MN, Nieyels = 3
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5
o

Reaction force Fy, (N)

I
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o o o

|
N
o
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| Non-linear training _ ., ,essessssses
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Deep Material Networks from the interaction viewpoint

. ) ) &, g,
e Multiscale simulation Yy yy
0.4 0.4
— Stress-strain distribution at point A
— For 2° material nodes 0.2 0.2
— Non-linear training
0 0
FE - DMN
60 “ _ _
Oyy Oyy
w20
Q
o
S 70 70
c
S
4‘-:-6’ —-201 FE-MN, Njeyers = 3
S:J i -—=-= FE-MN, Njeveis = 4 0 0
—40 - ‘.‘U' """ FE-MN, Nieveis = 5
o
0.000 0.025 0.050 0.075 0.100 0.125 0.150 FE - DMN
Prescribed displacement 4, (mm)
z N—
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Deep Material Networks from the interaction viewpoint

: : : &, &,
« Multiscale simulation vy Yy
0.15 0.15
— Stress-strain distribution at point B
— For 2% material nodes 0.06 0.06
— Non-linear training
-0.03 -0.03
FE - DMN
60 _ _
Oyy Oyy
w20
5
“9 0 -64 '64
c
S
"f'ré —20- FE-MN, Njeyeis = 3
S:J === FE-MN, Njeyeis = 4 -132 -132

""" FE-MN, Njevers = 5
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Prescribed displacement 4, (mm)
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Deep Material Networks from the interaction viewpoint

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

» Open data
— 10.1016/j.euromechsol.2021.104384

» Open data

A
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Computational & Multiscale
Mechanics of Materials

'Woven Composite | B Fiber B Matrix
Voigt method | Ply
NS —_
P 221V = 1.0 E] Pseudo-grain

(B 68 | . (v eg) (vg 6% |

| Laminate Lamlnatej | Laminate|

ﬁ o g @m
al, al,Bf aN,

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

Laminate — Voigt — Mean-Field-Homogenization Voigi#~ Laminate — Mean-Field-Homogenization

S N—
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Mean-Field-Based Deep Material Networks for woven composites

 Definition of material networks

Woven Composite @ Fiber
Voigt method B Matrix
Ng )
L, 2ov =10 (] Pseudo grain

— [
@ (vl,al,ﬂl ]‘ v, @y, 8 J---{Ums:amsfems’
indndb
@ Fiber
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[1’1:“1: 6, ( v, a;, 0; ""stJaNs'BNS

]
i dmde

Woven Composite | B Fiber ll Matrix
Voigt method | | Ply
I vE = 1.0 p .
i=17i seudo grain
g g/\’ lg g ‘\Ef]; g :
| vy, 67 | v, 0; W (st’gNs]
[Laminate, | Laminate | Laminate|

1—17;-“‘ l—v}&’s
(7]
Vi

a1,9§ a;, U; ay. ,95\;
Vi Vi
A—
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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 2{171', BL’, a; |i= 1,...,NS

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

— Using elastic data
« Random properties on RVE

T gL LT JTT (LT 0.31 — V-M
[Eo, Vo, Ey , Ef', Vv Y%
o Vo, ET, B[ v, vp o, Gy I] —— LVM
[:> Direct simulations on RVE 0.41 — VLM
. L. w 0:3]
« Cost functions to minimise @
-1
C C o2
L(E C(x))—— C IECYs) — Calys)l
L eyl 0.1
 « stochastic gradient descent (SGD) » algorithm 0.0 | - ,
101 102 103 104

Epoch
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Mean-Field-Based Deep Material Networks for woven composites

Elasto-plastic matrix case

PBC tension cyclique MBC tension cyclique
1250- DSN_PBC pa 1400/ ¢ DSN_MBC
1000+ ¢ 1200, —— V-M
— LVM
© 750" T 10000 yim
= = 800
x 500 5
g S 600
250 400
0- 200+
Oo 0 : ‘ - — :
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020
EMxx EMxx
MBC tension Cisaillement
150/
<
& DSN_MBC o
100+
3000 V-M
. LVM 5 50 )
© — VLM }
S 2000 2 ‘o DNS_PBC
E 3 +  DNS_MPC
© —50- V-M
10001 LM
—100° — VLM
0 ‘ | ‘
0.00 0.02 0.04 0.06 0.00 0.01 EON"SYZ 0.03
- EMxx a_
LIEGE May 2025 - CM3 research projects 58 Beginning
université y proj




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

A
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Stochastic Interaction-Based Deep Material Network
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Stochastic Interaction-Based Deep Material Network

 Micro-scale interactions
— Subdivision in sub-domains (;
Vi

vi=V|V|

— Stress-strain averaging
EM = Z v; €, and

M\

!
(Ng
S
S

— Introduction of fluctuations

eEmXm) =VE&? um(Xm) =g+t V® u

S & = gy + @m) ®° @ j
VFI r

VFI =)
]

&= SM-I- Z Su]®SN|

L' HES.E May 2025 - CM3 research projects
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Stochastic Interaction-Based Deep Material Network

* Interactions
— Introduction of fluctuations

1 i,/ S i
g = £M+V z sjuj® Nlj
er¢¢

— Assume constitutive model in each sub-domain

0, = Gp(si(u'j); Zl) , fori = 0, ey Np -1

— Hill-Mandel Condition

Np—l
GM!5£M = Z V; Gi:5£i
Np-1 1=0
p visji i xS so.t
) o (M) @° suj) =0
i=0 VFGi@ l

— Weak form is the interface equation

Np—l Np—l
o, Nj‘ds = sto;-N\:=0,forj=0,..., Ny — 1
p, O | j O | |
i=0 “Tl; i=0

A
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Stochastic Interaction-Based Deep Material Network

* Interactions | Np-1 Np-1
— Weak form O .N\'ds = s-ia--Ni.=O,forj
[ I j Qi IJ
i= i=0
=0, N| —1

— With 0o, = O'p(si(u’j); Zl) , fori = 0, ey Np -1

* One-level two-phase interaction
— Strain tensors

1ls 1s
EA = €M A I}A‘N?u X° Np and €eg = g —%VLN?u’ &Q° Np

—/
— In linear elasticity the weak form becomes

Cv =(vaFa + (1.0 {va)C + (Ca — C) VA ®* [5¢ 'wa No) - Foa Na)l

+ Topology parameters to be defined G? = {va, Na}

A—
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Stochastic Interaction-Based Deep Material Network

« Simple network of material nodes with interactions to Replace volume element

B solid phase 1 @ solid phase 2
L 7 (] Basic Node (] Composite Node |

vy vaval A‘"«b 4\"1;

;‘ év"g“? uv. KA i
'15',““'4»

b

]
i

AT Yaray
g

G
-
K
5

K]
Kl
4
!
G

-

5 (T TAVAY
FiraVATPatava  VaTATAVavaViSaY

L 2L 1 % (. .)
 Elasticity tensor
- From material tensor evaluation C(Nf) = FUN (l, Co, C|, gz(N{‘))

* Requires
C(NZ,) = FUN (1 + 1, G, €}, G2(NZ,))

C(NZSY) = FUN (1 + 1, €, €, G2(NZ1))

_ Recursively Cyy = FUN (l =0, Gy, C, Qz(Ng))

« Micro-structure topological parameters | G2(Ng), G2(N?), G*(N3), ..., G? (N2<L D 1)
A
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Stochastic Interaction-Based Deep Material Network

* Micro-structure topological parameters

@ solid phase 1 @ solid phase 2
G2 (NS, G2 (ND), G2(ND), ..., G2 (N () BasicNode 1] Composite Node|

« Elastic training
— From material tensor evaluation

Va» NA

Cp = FUN (1 =0, Cp, €}, G2(NY)

AVARATAAYS,
A%

— Data driven approach: ey

- Generate observations {Cp(C§, Ci)} by full DNS using
random C3, C;

KPS
(% ey,
RS ANy e,
i e,
T AT,

« Identify topological parameters from loss function
(knowing real volume fraction ¥ of phase I)

+5 (B —v))?

n—-1
L o 1N 1M, € — Em(CE € 6D 2
sstim ) =5 IEm(Cs, DI 2
s=0 M >l

;"- LIEGE =

université May 2025 - CM3 research projects 65 <l Beginning



Stochastic Interaction-Based Deep Material Network

» Once topological parameters knowns
G2(N$), G2 (N9), GZ(ND), ..., 62 (NZ 271 m E E
2l Ll 21

* Online simulations in the non-linear range
(@)v;=0.34;, (b)v; =0.38;, (c)v=0.45;

- ¢->F o6-P, P =PP(F(u)); Z;)

— Isotropic hardening f = Teq — T{} —hy <0,

— Tests on 6 SVEs m E @
£, t, £,

(d) v =0.47; (e) v =0.52; (f) v=0.58

— DNS, DMN: --—- Level 4 - Level 5 - Level 6
SVE2

— DNS, DMN: --— Level 4 ---- Level 5 - Level 6
SVE1 SVE2 SVE3 SVEL VE SVE3
- 200
500 500+ ] ]
/ / - / 0 f/" o //\ ] K/‘
o 01y : . 01 . : 01 . . © oL : . EE : ‘ oL : :
S 100 1.05 110 100 1.05 110 100 1.05 110§ 100 1.05 110 1.00 1.05 110 1.00 1.05 1.10
% SVE4 SVE5 SVEG x SVE4 SVE5 SVE6
o o -
2000 e 200 - seEes
5001 500 ] 2001
500 100+ 100
01, ‘ . 014 . ‘ 01, . ‘ 04 ‘ . 0L ; ‘ oL ‘ ‘
1.00 1.05 110 1.00 1.05 110 100 1.05 1.10 1.00 1.05 110 100 1.05 110 1.00 1.05 1.10
Fxx Fxx
(a) Uni-axial strain (b) In-plane uni-axial stress
s . B P
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Stochastic Interaction-Based Deep Material Network

« Reformulation of parameters G2 = {vp, Na} at node N¥

— Normal Np(NK) from angles 6,(N¥) and 6,(Nf)
Level: 0

0, = 2nwg, (Nf), 6, = Twg, (N) .

[ wo, (NE), we, (NE) € 10, 1) T A

— Volume fraction va (Nf)
1) “Yellow” Node at level [ = 0:

U|(N8) = v| and Uo(Ng) =1 — v known

va(Ng) = wyo(Ng)vp(Ng) + wy (N9 vy (N3) 271 () B
vg(Ng) = 1.0 — va(NJ)
WVO(Ng) contribution VA of N(l) and B solid phase 1 @ Solid phase 2
/ w,,|(Ng) contribution vg of Ni to Ng () Basic Node (] Composite Node |
2) Recursively for “Yellow” Node atlevel 0 < [ < L
-/ WVO(N;{)’WVI(N;{) S [O’ 1) N12+1 124-1+

3) Basic “Green” Node at level L — 1:

va = 1.0 —v(Nf_y) and vg = v(Nf_,)

A
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Stochastic Interaction-Based Deep Material Network

« SVEs batch training
— New parameters T = {wg, (N}), wg, (NF)} and 7 = {w,,o(N}), wy(N})}
— Train a generic DMN

« Random micro-topologies and volume fractions,
 Random phase properties

pR

i eiial et

~{Cy(cs. )
— New loss function in which vls IS known for each SVE

Loss(Cuy, C )_li”@“ﬂ(cg' D= (G5, CF L vfi T, T
e ICm(C, CHI

n
s=1

 ldentify the generic DMN parameter J:*n ,7:*\,

A—
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Stochastic Interaction-Based Deep Material Network

« Perturbate generic DMN
- Jn, 7y define a generic deterministic DMN with volume fraction v; as input

— We can perturbate the parameters 7,7, to have a stochastic DMN
) ) —— Beta(2.5), b=0.5
~ 3+ —— Beta(5), b=0.75
Th = 1+ § = 2b(x — 0.5) > — [pmatacy bt
_ _ z,]
v =1+80O% x~Beta(a) 3
. g |

—-0.75 —0.50 —0.25 0.00 0.25 0.50 0.75
3

A—
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Stochastic Interaction-Based Deep Material Network

Perturbate generic DMN

Th = (14 &)OJ,

vy 0.3~

0.35

Iy

— DNS
v;: 0.35~0.4

Level =5

~ DMN

§=U—0.5)

Level =

=1+ 50O

v;: 0.4~0.45 v;: 0.3~0.35

x~Beta(2.5)

I DNS W DMN
v;: 0.35~0.4

5

v;: 0.4~0.45

200+

| .04
200+ 0.04 0.0

0.04 4

0.024

0.00-

175 200 225

v: 0.5~0.55

200 250

v;: 0.55~0.6

100 100 0.02 0.02
>
1 . . 01/ . - 01 - ~  Z0.00 0.00-
1.00 1.05 1.10 1.00 1.05 1.10 1.00 1.05 1.10 7§ 160 180 200
Vi 0.45~0.5 vi: 0.5~0.55 Vi 0.55~0.6 3 Vi 0.45~0.5
| o
300 &

200+

100+

3001 0.015 1
0.021 :

2001
0.0101

1001 0.01 4

0.005

0.

o

0.021

0.014
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4 ! ; . 0. / . : ; . . 1 ] ]
1.00 1.05 110  1.00 1.05 110 1.00 1.05 120 000500 235 280 0000 o0 250 300 0% 500 280 300
XX Pxx MPa
§=1,5(¢—0.5) y~Beta(5) §=(—0.5) y~Beta(10)
Level =5 W DNS B DMN Level=5 [ DNS Bl DMN
vi: 0.3~0.35 vi: 0.35~0.4 vi: 0.4~0.45 vi: 0.3~0.35 vi: 0.35~0.4 v): 0.4~0.45
0.04 1 0.06
0.04 0.04]
. 0.06 1 0.00. 0.04]
0.02 0.0 0.02 0.04 |
0.021 0.021 002
Z 2 0.00- 0.00 0.00-
=000 8 180 200 0T 175 200 235 *00° 200 2% 3 160 180 200 ' 175 200 225 175 200 225
.g vj: 0.45~0.5 vj: 0.5~0.55 vi: 0.55~0.6 5 vi: 0.45~0.5 vi: 0.5~0.55 0.044 vi: 0.55~0.6
O 0.02 0.02 50.03, 0.04 ’
0.021
0.021
0.011 0.021 0.021
0.011 0.011 0.014 - . |
000500 250 300 2% 200 | 250 0.00 e a5 at0 %175 200 225 250 0 200 250 %0%60 225 230 275
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« We still need to find a proper way to infer the perturbation
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Recurrent Neural Network-accelerated
multi-scale simulations in elasto-plasticity
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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.

resolution

|
/

Off - line

.\ .\
o
\‘X\/

\

[

Meso-scale BVP
resolution

Fyv

On - line

Macro-scale BVP

Fyv

Surrogate

—

Trained
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Recurrent Neural Network-accelerated multi-scale simulations

» Definition of the surrogate model

ng
Uy wo + Z Wi Uy
— Atrtificial neuron =1
« Non-linear function on n, inputs u, \@\A ,
« Requires evaluation of weights w, uk*@_' ) -
» Requires definition of activation function f
— Activation functions f

uno

-

Sigmoid tanh Rectified Linear Unit Leaky RelLt

e TP

— 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 pnrediction v vs. real v

Lovse (W) == [[ocw) =
[

* Requires an optimizer: Stochastic Gradient Descent

L (W) (aLi(W)>2

AW = —-F| 9w oW
batch size, ...

—— Training
— Training data 1072 T Volidation
e 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

= N—
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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, he—1)
 Internal variable h; = g(u;, hy_1 )

— Weights matrices U,W,V

« Trained using sequences
(») (»)
t—n’ ** t

)

t—

— Inputs u S U

— Output v v

Stress

—— o o —

A
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Recurrent Neural Network-accelerated multi-scale simulations

« Gated Recurrent Unit (GRU) at a glance

A
N
/GRU Output, v/, \
- »[X T 1 ,.| Hidden State,
Y T ) h,
Hidden State, 1|+ >0 ——>|1- » X
-1 [''h
B - — X |—>|+ >tanh —
mxn Wh
I S RN
ann ->+ _>0 R2
. —TW%% el Reset Gate
’ Update Gate
Input, u’ Outputs combination
* e / Element-wise operations

4+ | Element-wise sum

1-| Element-wise 1-

X | Element-wise product

O | Element-wise sigmoid

anh | Element-wise tanh

< N—
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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,

Rest gate: select past information

to be forgotten Hidden
State, h, 4

Update gate: select past information

Hidden
State, h,

to be passed along

Feed forward NNW,
— 2 feed-forward NNWs A
« NNW, to treat inputs u, Input, u,

NNW,, to produce outputs v,

— Detalils

u,; : homogenised GL strain Ey; (symmetric)

v, . homogenised 2" PK stress Sy, (Symmetric)

/ (]
100 hidden variables h, X .

NNW, one hidden layer of 60 neurons

NNWg two hidden layers of 100 neurons

A
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Recurrent Neural Network-accelerated multi-scale simulations

Data generation IR NF @

— 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

—0.05

/ .
~0.05
L 129 0.10 en’

0.00

T 4
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Recurrent Neural Network-accelerated multi-scale simulations

« Testing process (new data) 400

2001
— On random walk

Smyy [MPa]
"
(@]
(@]

400
~600-
800
Emxx [-]
400 1 60 -
200 1 40 -
‘© — 20
& of ©
= S of
7% X -20
A &
—400 1 —40-
—600 —601
—80 1
~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 [-] Ewsx [-]
MXX A
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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 Zo005 A i i i i
Eiee 1399% 0.10 e —0.05 0.00 0.05 0.10
1 N
400 00
75 -
2001
50 -
(© ©
o 01 o il
S S 25
X =200 x 07
= S
) W _os
—400-
_50-
—600- .
—-0.05 0.00 0.05 0.10
Emxx [-]
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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

0.00 0.01 0.02 0.03 0.04 0.05

o o o o o
O <t o~ J_
[N] #4 @210} uoioEaY

=3 y Y 4 AV
AVAVATAV,  3raiesssss:

SAVAVAY,
AVAVAV.vLe o

RVANA A S .

AP
O

L - -
82 <‘Beqmn|nq |

Displacement 4, [mm]
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Recurrent Neural Network-accelerated multi-scale simulations

 Multiscale simulation Myy

0.093 I
— Stress-strain distribution at point A

— Strain within the 10% training range 0.047

(@)
o

FE-RNN |

Reaction force F, [N]
N S
2

OMyy

170 I

o

—— FE?
---- FE - RNN

I
N
()

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

re- RN T

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

 Multiscale simulation Myy

0.109 I
— Stress-strain distribution at point B

— Strain just at 10% training range

(@)
o

FE - RNN

Reaction force F, [N]
N S
2

OMyy

181 I
|

84

-13 I

FE - RNN T

o

—— FE?
---- FE - RNN

I
N
()

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

(@)
o

Reaction force F, [N]
N &
2

o

—— FE?
---- FE - RNN

I
N
o

0.00 0.01 0.02 0.03 0.04 0.05
Displacement 4, [mm]
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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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Self-Consistent Recurrent Neural Network for
multi-scale simulations with irreversible behaviours
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Self-Consistent Recurrent Neural Network for 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.

N X— resolution
w = Ui Wi
Off - line On - line
Meso-scale BVP
resolution
S\ Macro-scale BVP
. ~ l:"M
K *, : _
\ L =
\ ¥
Py
l . .
M CM
Cwm » | Surrogate
Trained
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Self-Consistent Recurrent Neural Network for 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
 Input: sequence u;
« Qutput: sequence v, = g(u;, hi—1)
 Internal variable h; = g(u;, hy_1 )

— Existing recurrent units

Stress

» Oscillations / loss of accuracy can appear with GRU, LSTM* (both developed

for Nature Language Processing)

« One needs to enforce self-consistency*
» Need to replace the GRU/LSTM unit

*Colin Bonatti, Dirk Mohr, On the importance of self-consistency
in recurrent neural network models representing elasto-plastic
solids, Journal of the Mechanics and Physics of Solids, 158,
2022, 104697, https://doi.org/10.1016/j.jmps.2021.104697.

A
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Self-Consistent Recurrent Neural Network for multi-scale simulations

» Self-Consistency reinforcement through ad hoc recurrent unit/cell
— SC-cell originally to surrogate a constitutive model

— Can we develop easy and fast to train surrogate for RVE responses?

Output, v,

A
FWOutput

State, h, ,

-
Gate )

date _

unit
Hidden Gate

Hidden
State, h,

Output, v,

A
I:WOutlout

[

I:Wlnput

A
Input, u,

Need for a
h, ; |—iself-consistent h,
recurrent unit

I:Wlnput

A

Input, u,

A—
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Self-Consistent Recurrent Neural Network for multi-scale simulations

New cell 1: New simplified recurrent unit: Simplified Minimal Recurrent Unit

t

Y
/SMRU . 5
=-> t
R % 7'y
f f:
h . o Vf 1- Hidden
1 1w, ' 1 State, hy_4
Whn ﬁt
[ tanh |—pX
th \
[ F{_ Teul
[ A || +6/

Y

Output, v,

I:WOutput J

N

1 1

Hidden
Sl State, h,

I:Wlnput

IIAutII

Input, u,_1+Au,

4

— The total form of input variable as well as increment norm [|Au;|| (like SC-LMSC)

— Self-consistency weakly enforced

- Using norm of ||Au,|| and

« Data augmentation during training (i.e. subdividing randomly increments in training data)

A
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Self-Consistent Recurrent Neural Network for multi-scale simulations

* New cell 2: Self-Consistent Minimal Recurrent Unit with Total form of inputs

4
/ y, Output, v,
SC-MRU-T
p X< [=»l + —tb h, FWoupu ]
' B k. v, -
h,_, H=>{act =<lexp |pexp(-vf) 4 f, Hidden Hidden

hK h )
. o State, hy_q Sl State, h,
w 7 1- [»]X
! + | ltanh }— )

thf b, }1— o ReLU(ny) + € FWInput ||Aut||

[Au|| + € | I

Au u
\x; ” _t” v, = ”Agt” ,/ Input, U1+ atAEt
L (T )

— The total form of input variable as well as increment norm* ||Au,|| (like SC-LMSC)
* Use as inputu,_1+ a; Au, (ng is a learnable parameter)
» acfis the same activation function as in Fw.
— Self-consistency enforced
- Double exponential function fr = exp[Wsk; + bg] > 0 & ratio f, = exp[— y(llAu,|) f.] € [0,1]

« Hidden variables h, is an element-wise interpolation (ratio f; dependent on the norm of ||Au,||)
between previous value h,_; and h,

input

5 A—
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Self-Consistent Recurrent Neural Network for multi-scale simulations

* New cell 3: Self-Consistent Minimal Recurrent Unit with Incremental form of inputs

Output, v,
ﬁc-MRu-l

/
=

>

T

E 4

> ht I:WOutput ]
L) Nonlinear | b, f: R

hi_1 transition A-;Eij f

X ||+

Hidden Hidden
SC-MRU-I
_ State, h
J exp(-[| A [ /)PP Statenlte= ‘ | :
Wy,

Jr Janh 7
| W g ", A/ D | ||Aut||
x, \uAutn |
Input, Au,

1 t

— The incremental form of input variable as well as incrementtnorm ||Au;|| (like LMSC)
 Use as input Au,/||Au,|| and||Au,|| ‘T > Fw >

* Non-linear transition blocks:

— Self-consistency enforced

« Double exponential function f; = exp[fo’JZt + bf] > 0 &ratio f, = exp[— (||Au]]) f¢] € [0,1]

- Hidden variables h, is an element-wise interpolation (ratio f;) between previous value h,_; and h,
g LIE ( —
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Self-Consistent Recurrent Neural Network for multi-scale simulations

« Training strategy

— Elasto-plastic composite RVE

— Training data

Should cover full range of possible loading histories
Use random walking strategy
Completed with random cyclic loading

Bounded by a hypercube of 12% deformation

A
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Self-Consistent Recurrent Neural Network for multi-scale simulations

« Training stage

— Learnable parameters for 120 hidden variables

SMRU | SC-MRU-T SC-MRU-I
unit

Transition Fw-Fw Q-Fw
block

Learnable 44 284 58 925 59 644 59 284 74 164
parameters
1071 —— SMRU 10715 ‘ — SMRU—
—— SC-MRU-T E | —— SC-MRU-T
10-2 —— SC-MRU-I (Q) 10-21 | —— SC-MRU-I (Q-Fw) _
—— SC-MRU-I (2Fw) é | | |
] \
| |
o 1073 !
= i

10744

10754

0

epoch

2500 5000 7500 10000 12500 150
Training  Testing

[

b

738 ¢

[
|

| i

"q’*\-c

\

0

5000 10000 15000 20000 25000 30000

epoch

A
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Self-Consistent Recurrent Neural Network for multi-scale simulations

SC-MRU-T: Testing data with inserted extra-points

Maximum inserted data points is 5, 20, 60 in each loading step

20
0_
= -20-
(a1
= -40{
S
u:é -601
_80_
-100]
-120
—0.100-0.075-0.050-0.0250.000 0.025 0.050 —0.106-0.075-0.050-0.0250.000 0.025 0.050
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- & 0 S
.OOL': = s 501
<
0.05.5  ¥7200 X
wn wn 0+
0.10 400
0.04 —501
-0.10 . —6001
—0-00500 0.00 \ -0.10 —-005 0.00 0.05 0.10 -0.10 =0.05 0.00 0.05 0.10
sﬂttk 0.05 —0.02 {{\” Emxx [-] Emxx [-]
£ 0.10 —0.04 ¢
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Self-Consistent Recurrent Neural Network for multi-scale simulations

« FE2 vs. FE-RNN: Change in the increment size (between points A&B)

i
601
= Z
401 Sy
g B
bt
N S 20
C
2 0. - FE - RNN (20)
§ ---- FE - RNN (200)
N < 50 --- FE - RNN (2000)
v Q’@@ ---- FE - RNN (20000)
o | 000 001 002 003 004 0.05
< 1 mm > Displacement &, [mm]
60 - SC-MRU-T 60{ SC-MRU-I
z =
> 401 o> 407
3 S
:c:, 20 § 201
C C
g o ---- FE - RNN (20) S 0 - FE - RNN (20)
§ --- FE - RNN (200) § ---- FE - RNN (200)
X 50 --- FE - RNN (2000) € —201 ---- FE - RNN (2000)
-==- FE - RNN (20000) p ---- FE - RNN (20000)
T T T T T T _40 T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.00 0.01 0.02 0.03 0.04 0.0"
. Displacement 4, [mm] Displacement Lzliy_[mm]
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Self-Consistent Recurrent Neural Network for multi-scale simulations

 FEZ2 vs. FE-RNN: Cost comparison

$414 450
v Uy " . | v
i F%‘%' .02 mm Off-line SMRU | SC-MRU-T | SC-MRU-|

gﬁ#{’ F | . Data generation - 23500 h-cpu
= | ESRRR LA
= ﬁgﬁﬁ%‘% . Training - <10 h-cpu
N | B>

gﬁ;‘;?‘gg%gf . , FE? SMRU | SC-MRU-T | SC-MRU-I

CAﬁf%v‘g >~ R i

= 5 —-M/ Simulation 18000 h 0.27h 0.38 h-c
sl - : - : -cpu  0.28 h-cpu
= v cpu cpu
a_
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Self-Consistent Recurrent Neural Network for multi-scale simulations

« FE2 vs. FE-RNN: Fields distribution 601

FE?2

Reaction ftorce l‘y IN]
N
o

0l - FE - RNN (20)
- FE - RNN (200)
—201 - FE - RNN (2000)
- FE - RNN (20000)

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

Point A Point B

FE — RNN FE—RNN

2
FE Y

Ev. [] SC-MRU-TE‘ o £ k[ | SC-MRU-T _ [1

_ _ o [— -
0. 0.0325 0.045 0. 00525  0.045 0. 0.05 01 o o.ﬁ% 0.1
[ | [ | [ . | [ . |

A—
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Self-Consistent Recurrent Neural Network for multi-scale simulations

« FE2 vs. FE-RNN: Fields distribution 601

Reaction ftorce l‘y IN]
N
o

FE?
04 - FE - RNN (20)
- FE - RNN (200)
—201 - FE - RNN (2000)
- FE - RNN (20000)

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

Point C Point D
. FE. . FE — RNN
SC-MRU-T
SC-MRU-T B[] 4
0. 0 012 0. 0.0¢ 0. 0. 015 03 0. o KE 0.3
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Self-Consistent Recurrent Neural Network for multi-scale simulations

« Self-Consistent model of VE-VP lattice cell response of arbitrary diameter value
— Objective: Predict response of lattice cell

» Complex visco-elastic-visco-plastic material response
 Different strain-rate

* Arbitrary geometrical parameters 94, (€.9. struts diametre)
— Data

* Inputs (depend on the surrogate)
Ey, : strain sequence

Ve =0.027 Ve = 0.06 Ve = 0.104

— Geometrical parameters 94,
« Outputs

¢ S, : stress sequence

V; = 0.046

01 =
00 N

-0.3

00 o
U**[‘]' 0.2

Loading histories at varying strain rate, RW & CC
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Self-Consistent Recurrent Neural Network for multi-scale simulations

« Self-Consistent model of VE-VP lattice cell response of arbitrary diameter value

— Key-idea: Use 2 SC units
* One with time increment alone
* One with the time increment Az, one with displacement increment Au
* Concatenate first with geometrical parameters 9,4, concatenated

Output
Vi

FWOutput

Hidden State SC - UNIT Hiddefl State SC - UNIT ] Hidden State
hy b, J h,
acf acf
bT W, bw Wta: Wum
'r]Tageo Alt nuAIt 77u Agtggeo Aﬁt
|AT, ||+e nT [Au,[[+€” [[Au,[/+e nv
Input Input
Altaﬂgeo AIt? Agt? 19geo
A
This project has received funding from the European Union’s Horizon 2020 ﬁ M OA M M M
research and innovation programme under grant agreement No 862015 : \
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Smzz [MPa]

Y

Self-Consistent Recurrent Neural Network for multi-scale simulations

Testing
— Inputs (depend on the surrogate)

« Ey,: Nnew unseen strain sequence
« New unseen geometrical parameter realisation 94,

— Outputs

¢ Sy, Stress sequence

Suxx [MPa]

LIEGE

université

SMYY [MPa]

A
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Self-Consistent Recurrent Neural Network for multi-scale simulations

« Validation of meso-scale surrogate model for lattice meta-materials
— Tension/compression on USF lattice

- o .
~ O ;“\‘
. - . .
micro-structure P E - ::A
parameter J, —
- o
not seen in the -
training stag - -
von Mises Stress [MPa]
0.00377 9.42 18.8
50
----- Experimental Data JKU
----- Experimental Data IMDEA -
puch f— RNN Surrogated Simulation ,//

10 mm

15 020 025 0.30

< N
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Computational & Multiscale
Mechanics of Materials
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Recurrent Neural Network with
dimensionality reduction and break down
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Multi-scale Optimisation for Additive Manufacturing of fatigue resistant shock-absorbing {%
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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.

‘o,
N X— resolution
w = Ui Wi
Off - line On - line
Meso-scale BVP
resolution
S\ Macro-scale BVP
‘ ‘/ ' (S
\ )L v
\
Py
1 . .
M CM
Cwm » | Surrogate
Trained

A
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RNN with dimensionality reduction and break down

» Accurate surrogate of homogenised 400

behaviour 2007
0-

Smyy [MPa]
"
(@]
(@]

—4001
—600+
—8001
—0.050 —0.025 0.000 0.025 0.050 0.075
Emxx [-]
400 60
2001 401
— — 20
Y S
= SEEE
% =200 X —20
A &
—4001 —40-
—600 —601
_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
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RNN with dimensionality reduction and break down

« Only homogenised output is predicted 4001
— 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. I

— Can we get it back at low cost? 19

A—
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RNN with dimensionality reduction and break down

» Also build a surrogate model of the internal variables

-l

I —
| Training Data Training : : Application | Input E, :
! -scale BVP ' l
[ Egsegﬁjtsicoane I I Normalizatiorl N.1 :
I I I :

- RNN Trained I
I ~ i
'| R Unm INormallzat'lonEM —| Training : : RNN «— Ey 1
[ ‘ . ‘\ (FM’ EM) N.1 I I :
ICRSR t | |:> | !
1N - '\ I I :
I : D
I | : AV :
I I I I
I I I —
I Zy  |Normalizationy I I Inverse| qutput Z :

— 5 ftvm ] e M
: N.2 1 1 N.2 :
I I

I | : I

— Problem: The size of Zy, is large

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

. » overwhelming cost

A
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RNN with dimensionality reduction and break down

Optimise the method: reduce the size of the internal variables

|

Zy  |Remove mean.,, PCA

Training Data Training
Meso-scale BVP
resolution
— N RNN
T~ \ Upm INormallzatlonEM _.| Training
R ‘\ (Fm, Em) N.1
VX
NEiE 1 o

£
Normalization1 N.3

— gM—rfM

N.2

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

 Construct matrix Zy = [ZMI Zy, ...ZMn]

dxn

Application Input E;

Normalizationl N.1

Trained
RNN «— Ey

o |

§ M Output Z

N. 31Inverse Inversil N.2

M Inverse ZM
PCA —

from n observations (1% from all data)

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

Build reduced basis

Reconstruction

But not enough

ZM = Véum

V=|v v .1 ]dxp and reduced data g,, = yTZ,, of size p <d

LIEGE

université
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RNN with dimensionality reduction and break down

« Dimensionality reduction & break down

I — L~

| Training Data Training : : Application Input Ey, :
[ . I

| Meso scale BVP . - | I _ o Normaliz

| resolution Z 2 LE | Iz 112 |.IZ | ation N !
| —— U.. |Normalization o =z [ : N2 ['E 2 ' I
i \o \ M TP EM—> I | — EM I
[ 56 [Fu Em) | S Y Y ENERE |
: \\.X\ '\ ytoy? y° & yL. y..y? |
I 1 N g 7 I i 2 ¥ Concatenation :
I SM I

: Normalization1 N.3 | : Su Output Z,, :
I Zy; | Remove mean , PCA : | N.3/Inverse I
| N2 > =M $m | %, Inversg nvers |N'¥
: : : | SM Zwm |
| I 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

A
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RNN with dimensionality reduction and break down

« Effect of dimensionality reduction and number of hidden variables

PCA alone
i Surigate |l
. A -~ A A
10~ N :l s N
(W]
w
=
PCA-
' *= Reference
A h=100
A h =200
A h =400
0 50 100 15

MSE

PCA & Breakdown

s Surrogate | fin PCA.
» h = 100
10 h = 200
h = 400
A
\y
10— Peoo 1{0200\\\“,‘1 Peaoo |
0 50 \\\\‘:‘ 100 150
“Whop
i

No dimensionality reduction

A

May 2025 - CM3 research projects

113 <1 Beginning



RNN with dimensionality reduction and break down

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

()]

N W b~ U

Maximum y [-]

-0.05 0.00 0.05 0.10

Purple loading — y —FEM
step 500 38 l

1.9 1.89

O.OI O.OOI
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RNN with dimensionality reduction and break down

« Evaluation of equivalent plastic strain y: Cyclic loading (testing data)
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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/zen0do.5668390

A
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Computational & Multiscale
Mechanics of Materials

Spherical Impactor

: 6000
l velocity -
6000 mm/s A 5000
S Reduction in Peak
= 4000 Acceleration
o
*é 3000
Cylidrical Block of Lattice Material % 2000 Initial
S Optimised
< 1000
0

0.0

0 0.002 0.004 0.006 0.008
X X Time (s)

Multi-scale optimization of meta-materials

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

research and innovation programme under grant agreement No 862015 for the project ¥ ’ 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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Multi-scale optimization of meta-materials

60 mm

* Challenge: non-linear multi-scale
optimisation with energy dissipation

— How to conduct an optimisation in the Spherical Impactor
highly non-linear range? velocity
6000 mm/s

cirp GmbH

¢ ? mm
™
Cylidrical Block of Lattice Material  JEURZUEE. .\ P YPTTS
/

1?7 mm

100 mm

Bayesian Optimization

—/

A
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Multi-scale optimization of meta-materials

* Objective
— Exploit Al-accelerated multi-scale model
— Find lattice geometry distribution to minimise the impactor acceleration

60 mm

Spherical Impactor

velocity
6000 mm/s

t 72 mm
™
30mm  PA12 Plates
S — 1?7 mm
_ 6000 100 mm
» 5000
£
= 4000
jel
S 3000
= 2000 Q|
o
< 1000
0
0 0.002 0.004 0.006 0.008 0.0:
Time (s)
A
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Multi-scale optimization of meta-materials

« Gaussian regression as a link between micro and macro-scales

— Objective function:
« Computationally expensive to evaluate in the non-linear range
* Might be contaminated with noise

Regression & Minimisation

20.0 ;
17.5 - L] /

15.0 \ i

Objective Function
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Multi-scale optimization of meta-materials

« (Gaussian regression as a link between micro and macro-scales
— Bayesian based approach is adopted:

V - —

== Tue (unknown) — — A
\ P < | 0151 @ Next query point
204 % 7
“ o Ooservations ” 0.15 4
15 4 \\\ ‘," 0.10
% Vi 0101
10 -___:\\-‘ ‘,: _____ 0.05
s S 0.05 1
0.00 1
-2 0 2 4 6 2 0 2 4 6 A 0001
-2 0 2 4 6 -2 0 2 4 6
« Surrogate objective function built using ol ons {2
Gaussian process regression from data § | o0
. . . . BN ;o oors
* Posterior distribution for sampling the next HIA o | 0050
point in design space
5
» Exploit uncertainty in deciding if more —
exploration is favourable
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Multi-scale optimization of meta-materials

* Optimisation of cell radii distribution to optimise macro-p.o.i.
— Train a Gaussian Process on random data generated from simulation calls
— The surrogate is sensitive to the design variables i.e., strut radii distributions
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Multi-scale optimization of meta-materials

* Optimisation of cell radii distribution to optimise macro-p.o.i.
— 2-Scale optimisation of shock absorbent device

. 6000 ‘ \ """ N N s v
§ 5000 Reduction in Peak i/\«/fgyw —_—— L 6‘2115 \ ’
= 4000 Acceleration : : x > S \
o .
& 3000 /
Q Initial i v — 4 ?
o 2000 . i I = 1
S Optimised 5 ! E W
< 1000 Strut Radius 0.49 mm Lattice Strut Radius [mm] B W
\ 0.35 0525 07 Strut Radius 0.46 m
0
0 0.002 0.004 0.006 0.008 0
Time (s)
6
4
<L 2
E Initial
= 0 Optimised
(&}
o -2
=
-4
-6 StlrmRadiusU.ﬁ&imm Lattice Strut Radius [mm)] A:
0 0002 0004 0006 0008 0.01 08 e O 07 STadus0Tomn
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Multi-scale optimization of meta-materials

« Optimisation of cell radii distribution to optimise micro-p.o.li.
— Fatigue resistant shoe soles

» Shoe soles should provide support and
sustain repeated cyclic loadings
« Composed of constant cell size but
variable strut radii
— The Properties of Interest (P.O.I) :

« Fatigue life.
» Macroscopic deformation
— Goal of Optimization: Find the optimal
distribution of lattice radii such that
« Fatigue life is maximised
» Macroscopic deformation is minimised

A

u LIEGE May 2025 - CM3 research projects 124 <l Beginning

université



Multi-scale optimization of meta-materials

« Optimisation of cell radii distribution to optimise micro-p.o.li.
— Goal: predict local stress field (e.g. for fatigue)
— Problem Zy;: too many data (a sequence per Gauss Point)

I . . ..
| Training Data Training | | Application | Input By |
I
Meso-scale . _ : I .
: BVP resolution Z (.12 %d : | %H Z éd zNa?cirg?wahl I
I Normalizatio o o I N I
{|- o N UM —— Ev— S A I il My oy
1. e . (Fm, Em) [ N 'y v 4 I
INSSHE N ytoyt ¥ty vl vy !
* N | .
I - | N g I'e : i 2 ¥ Concatenati :
I M -
| I\El;ormalizatio N : Sm ‘Output A ‘:
I Zy | Remove 7y Pié £ : :N_3/Ienvers Invers i
[ an S = M 2 _ 2]
I mean - : | SM Invers. ZWNZ— |
1 N _'2 _____________ | r__e__ I
PCA

Dimensionality and reduction breakdown:

» Principal Component Analysis (PCA) applied on Zy to reduce the output of RNN —/ <M
« The high dimension &y, divided into Q groups, and each RNN is used to reproduce only a part

of output
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Multi-scale optimization of meta-materials

« Optimisation of cell radii distribution to optimise micro-p.o.i.
— Goal: predict local stress field (e.g. for fatigue)

— Problem Zy:
e Zy={z,(x),Vx € w} —/ size depends on the micro-structure parameters 9,

r =2 mm r = 4 mm

— Projection on a skeleton of fixed number of elements

1
° Z;}‘ = {Z%((X),V X € a)Sk} / ernkk (wfk) = Z Z Iwel ka(we)

W
wee{we}il el weE{weli

von Mises stress [MPa] / Projected von Mises Stress [MPa]”
1 45 8
1 45 8
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Multi-scale optimization of meta-materials

« Optimisation of cell radii distribution to optimise micro-p.o.i.
— Numerical Setup
* Multi-scale simulations
» Lattice layers response from meso-scale

—
| |

surrogate (Recurrent Neural Network) | I

» Local stress field from localisation (RNN I |
with dimensionality reduction) : i

| |

I

—_—— —_——

» Fatigue criterion from stress field von Mises Stress [MPa]
'0.03-'-9 0.809 158

Hydrostatic Stress [MPa]
{2

. von Mises Stress [MPa]
Displacement [mm]

0 0.15 0.3
O —010 e —  e—

A
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Multi-scale optimization of meta-materials

« Optimisation of cell radii distribution to optimise micro-p.o.i.

— Substitute by a stochastic surrogate:

Train a Gaussian Process on random data
generated from simulation calls

Surrogate is cheaper to evaluate
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-0.01

-0.015

Hydrostatic Stress [MPa]

-0.02

-0.025

Lattice meta-materials: Large design space
Simulation Calls: Computationally expensive

to evaluate

il

2

2.5
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.

o)

—Distribution 2
—Distribution 3
Distribution 4
—Distribution 5
—Distribution 6
Distribution 7
—Distribution 8
Distribution 9
—Distribution 10
—Distribution 11
—Distribution 12

2 2.5 3

May 2025 - CM3 research projects

'h ] ]
128 <‘ Beqginning




Multi-scale optimization of meta-materials

« Optimisation of cell radii distribution to optimise micro-p.o.li.

— The surrogate is sensitive to the design variables i.e., strut radii distributions
» Here the layering is for illustration purpose only
» During optimisation we have full freedom
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Multi-scale optimization of meta-materials

« Optimisation of cell radii distribution to optimise micro-p.o.i.
— 2-Scale optimisation of shock absorbent device
« Bayesian Optimisation
» Using macro-scale p.o.i. surrogate
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Multi-scale optimization of meta-materials

« 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/zen0do.5668390
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Computational & Multiscale

Mechanics of Materials
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Sequential Bayesian Inference of complex
model parameters

MOAMMM project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 862015 for the project
Multi-scale Optimisation for Additive Manufacturing of fatigue resistant shock-absorbing
MetaMaterials (MOAMMM) of the H2020-EU.1.2.1. - FET Open Programme
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Sequential Bayesian Inference of complex model parameters

 Difficulties in inferring model parameters

— On the model side |
« Which model is best suited?
Model complexity
___ »+ Lot of parameters K: k-
. IR
Parameters not univocally
linked to a test Gi, 9i Goo
Model limitation
.y Error in predictions |—|—| |
__ » Wecannot reproduce all |
the tests
Example:

—

— Visco-elastic-Visco-plastic pressure F—mA)S =0

\\ Tz ” \
dependent model ‘. - %/ \
— Details of the model F=0 ,/ I
|
\/ / l>
Vi /

/
B + U1
(t—b)\* me—1tr(t—b) m*+m [nitial Pl
= o T m+1 o T Tmy1 Vel 7
¢ ¢ surface /’
2 _O¢ -7
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Sequential Bayesian Inference of complex model parameters

 Difficulties in inferring model parameters @ |y R
— On the experimental side
« Error during measurements H
___ » Which curve to consider? L
. .. N
« Several tests under several loading conditions H &
How to use them at once i 5
— 4 \N\/\/‘
!
PA12 (V) Tension PA12 (V) Compression
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Sequential Bayesian Inference of complex model parameters

« Bayesian Inference
— Identify distribution of model/model parameters 9.+

test titi k i
— Use all experimental observations gy, = {ag;; Jrepettion ) (g (‘))}

PA12 (V) Tension /7 test 1

eng. stress [MPa]

501
St 2
40- ‘
PA12 (V) Compression Low~Medium rates/ repet|t|0n l
I—
30+
100- repetition 2
— 3
20 = 501 repetition 3
2
101 -=- Strain rate 7.37e — 4/s 5 60+
— Strain rate 7.37e — 3/s E
04 ' I I I _._IStram ralte 7.37e—I2,fs g 401
0.00 0.02 0.04 0.06 0.08 010 012 & (D ——— Strain rate 2.78e — 3/s
eng. strain [-] 204 / &E —— Strain rate 2.78e — 2/s PA12 (V) Relaxation
—.= Strain rate 2.783 - 1/s —— Strain rate 2.78e — 3/s
01 -+ Strain rate 1.0/s 80 1 '.T === Strain rate 2.78e — 3/s
0.0 0.1 0.2 0.3 0.4 _r' 3
eng. strain [-] - H *::::_—;gr ..... SV = e - — gy
F 60 ,f, TIoIIIIs $eoz
L) _ GG (g0 (L) [
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2 401
Follows normal S
- . . (] A = P! P Y Y
distribution (0, {?) 201 e——b6——6—=
0‘ T T T T
0 500 1000 1500 2000

time [s]
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Sequential Bayesian Inference of complex model parameters

« Bayesian Inference

— Identify distribution of model/model parameters 9.+

(test j,repetition k) )

— Use all experimental observations g = (¢®,a Oexp

YRR (D) (8

eal(l))
exp = Tmodel rrlat)+n01se

' o )
_ Bayes theorem Follows normal distribution V' (0, {*)

- G St D o)

What we know

To be evaluated from (physical bounds)

@) s ea(in))
odel and noise

[T (o <) o2, 000).2)

i Tk

o

Ny Tlikelihood (Texp|Imat €) = f l
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Sequential Bayesian Inference of complex model parameters

 Material to be inferred:

— Viscoelastic parameters 97:,¢: 20 parameters

vp .
mat*

— Viscoplastic parameters 9 12 parameters

_» Posterior remains difficult to be evaluated when the size of 9,,,; increases
» Bayes theorem

npost(ﬂl» 192 | ﬁlr BZ) X Tikelihood ( ﬂl» ﬂz |'91: 192) 7Tprior(ﬂl: 192)

B B2
y & Tikelihood ( B2191,92) Mikelinood ( B1 191, 92)Tprior (91, 92)
independent observations

191! 192
Ny X Tikelihood (ﬁz |'91;ﬁz)ﬂprior(ﬁz)ﬂlikenhood( B |'91:192)7Tpri0r(191)
independent prior distribution
ﬁl! 192
' % Tikelihood ( B2[91,92)Tprior (92)Wikelinood ( B1 [91)Tprior (91)

independent distribution
npost(ﬂll ﬁl) X

A
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Sequential Bayesian Inference of complex model parameters

»  Observations B = (g 0eyp)
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Sequential Bayesian Inference of complex model parameters

« Bayesian inference in sequence
- B=[B", B"], B*=1[B1", B3], B"P=[BY", B;']

— Observations B3¢, g5, B*, B," are used in sequence

Bl step
Observation
Likelihood
Prior

Posterior

Bl step
Observation
Likelihood
Prior

Posterior

Viscoelastic parameters 975
| 1

B3¢, blue “x”
m(B7°197¢) (B2 197¢)
Tprior (9"°) Tpost (97| 17)
Tpost (97| F17) Tpost (97| BY°)
Viscoplastic parameters 9,5,
1 \Y
B, magenta star B3’ , green triangle
(BP9, 9'P) (B |9ve, 9VP)
Tprior (9P ) Tpost (97| BY¢) Tpost (9", 9P 1B, B7")
Tpose (978, 9P| BV, BYP) Tpost (97, 9P| B¢, B'P)

A
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Sequential Bayesian Inference of complex model parameters

« Markov-Chain process

|9G1[] |QK4[] lgGa [-] |9K7[] |9G7[] k1[S] 91[5]
—0.5 0.00 0.25 0.50 1.0

0.0
lgG;y [-]
-0.5

O 5----
. -
lgKy [-]2
lgco [-] IgH? [-] he [-] mO [-] lgt [-] IgH? [-] hy [-] 1

-3.0 =25 -2.0 1.15 1.20 275 300 325 0.80 0.85 1.5 2.0 -4 -3 9000 9500

lgte [-12.0
1.5
IgHP [-]1-3

-4

% * LIEGE _ - inni
. Umiversite May 2025 - CM3 research projects 140 Beqginning




Y

Sequential Bayesian Inference of complex model parameters

Validation for different parameter 9,,,; realisations
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Sequential Bayesian Inference of complex model parameters

« Validation for a given material parameter 9 ,,.; realisation

t t t 1
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Sequential Bayesian Inference of complex model parameters

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

— JKU (Austria)
— cirp GmbH (Germany)

* Publication (doi)

— 10.2139/ssrn.4457392
Open Data: 10.5281/zen0do.7998798
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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

A
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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 €] —c0oof 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)
&~ barsintension

Fracture locus for
2024-T351 aluminum
alloy

(Bai & Wierzbicki 2010)

3 A—
q ¢ LIEGE May 2025 - CM3 research projects 146 <l Beginning |

université




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 y)(C¢)
» First Piola-Kirchhoff stress tensor
01 (C®)
ace
» Kirchhoff stress tensors
— In current configuration
ayp(C®)

P = 2F¢. .Fp"

T

—p.fFT = ope . P re
k=P F' =2F == F
— In co-rotational space
_ce.Fe . el = gce . )
T=C° -F® 'k-F¢ =2C Sce

« Logarithmic deformation
— Elastic potential :

K G
P(C®) = Elnz(le) t7 (In(C®))4ev: (In(C®))9eY
— Stress tensor in co-rotational space

T = KIn(J¢) I + G(In(C®))deY
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 strain rate  €m = -y

- 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 May 2025 - CM3 research projects

université

A

148 <‘ Beqinning




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, — I2 AZ, = Z,

Constitutive law o (e, Z(t); Z(t’))

 Non-local multi-mechanisms

|

., oDP
m = (1-floy
&, = tr (DP)

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

g, — 12N, = ¢,

1 & — 1208, =¢,

gd — lg Agd = &4

O'A

<
<

\/

)
)

-~
X
X

Q

\/
bal
N/
‘A

4

4

P
IX
R

X

The numerical results change
without convergence

A
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Shear and necking coalescence mechanisms for porous materials

» Different yield surfaces: void growth
— Classical GTN model e )

Non-local porosity evolution

f =fgr""fnu +fsh

r fgrz(l_f)gv @
4 fnu = An(gm)ém 1.2“ !
. p B
fsh = kwqbn <_> ¢w (COS 36)fgd -
L O-eq '|_|
Yield surface S
— Jiq 2P\ _ 4 _ 2£2
¢ = p; + 2q,f cosh (ZGY) 1-qg5f“<0
1 15
A
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Shear and necking coalescence mechanisms for porous materials

» Different yield surfaces: coalescence 1o]
— Coalescence by necking 1
* Yield surface — 08
2 f =
PpA= 5 0eqCOS 0 + Ipl - C; (x, W)ay <0 S 06
Max Principal Stress S 0.4
» Limit load factor 0.2
2 0
f 2 —X 1
et = b (352) v [ _
T X Wy g ¥ 1.5

» Cavities evolution

)‘. = Kﬂ.é}d

A—

q ¢ LIEGE May 2025 - CM3 research projects 151 <l Beginning

université



Shear and necking coalescence mechanisms for porous materials

. . A
« Different yield surfaces: coalescence 12]
— Coalescence by shearing 1
* Yield surface o 08
: S 06
P_= 3 TeqCos 0 + Ip] Cf G0 W)oy <0 S 0.4
Max Principal Stress 0.2
+ Limit load factor 0

2
C{(X,W) =1-x% h(l;x) +g 1 -15 -1 -05
Wx X

Le—

» Cavities evolution

X=KX§d
P —\’
A=31% Wyl TS T ALY A
_ X : X—P :
| |
W =0 QI IET AL
O O
. T
f=0 : L |
L 1
R I \
™N—

A—
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Shear and necking coalescence mechanisms for porous materials

 Multi-surface model

Effective yield surface

(b6 + D™ +\ ™
(pr + D™ +
(ps + 1™

— Gurson
----Thomason
—Shear
Ueq{UY[—] ¢ == Combination :
' OI"eq/O—Y [—]
i }
: Y
h 'E p/oy
Gurson+Thomason
Ueq/aY[_]

/IR

[,

|

7S
: E\ p/oy

Gurson+Thomason+Shear

May 2025 -

CMS research projects
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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

=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 'e
1
wo &
\
i
g
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

L L=125mm
— Verification of the nonlocal model: mesh convergence

€p = 3 mm
¢ =1.015 (g4 = 0.95)

A

I =

A
\ 4

Distribution of void ligament ratio y

800 __— —
- \
/ \
600 -,/ ’ 0.99 0.99 0.99
= ' ' I
% coarse
= 400 =-=—=-medium 0.54 0.54 0.54
QD --------- fine I
L
200 I 0.0909 0.0909 I 0.0909
i
0 1 L L ]
0 0.1 0.2 0.3 0.4
-Aele . )
0 Coarse Medium Fine

Capture slant fracture
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Shear and necking coalescence mechanisms for porous materials

« Plane strain smooth specimen under tensile loading

L =12.5mm
— Effect of & [ er = 3 mm
o =
800 === ——¢, =0
A :.,‘ S
lf‘\ ' \\ £,.=0.4 X
__ 600 PNy —mg, =095 €o
L ,' ‘1 o€ =1.25 B L ]
< 0! ‘ £, =15 ) _
CIJO 400 t \ ds_ " A
T : i “ = = 'no shear
200 | \
I I
| |
0 I . . . , .
0 02 04 06 08 1
-Aele . . : - .
0 Distribution of void ligament ratio y
I0-99 !0.99 !0.99 099 '
0.545 0.546 N 0.546 0.548 ‘
|0.101 I0.101 I0_102 0105 .
gqs = 0.95 €qs = 1.25 €qs = 1.5 no shear

% * LIEGE : . R
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Shear and necking coalescence mechanisms for porous materials

« Axisymmetric (notched) specimens under tensile loading /Ro = 3mm
— Different notch radii: R,/R,, = 0,0.2,0.6,1,1.5 R; = 6 mm
1000 — RyR =0 L =25 mm
[N Ry/R =0.2 = 1.015 (g4 = 0.95
. 800 ' "“-~-;‘_':_-:_ ...... --—R /R =0.6 \6 ( ds
< " \.Q"'\”'s\ e R/R =1 7'} /R n
% 600 [\ ‘ Ry/R =1.5 R1

>

N P

o o

o o
A

ol
0 . . . . . .
Distribution of void ligament ratio y
Io.99 Io.99 Io.99 Io.99
0.54 0.54 0.54 B 0.54
v
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/j.engfracmech.2022.108844
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Computational & Multiscale
Mechanics of Materials

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 1=

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)

5 (0.74,1.,1.21)
(0.57,0.38,0.99)
\2"1 A\ (0.78, 1.,1.07)
(0.60,0.28,0.97) R
4R

v 0.7, 0.03,0.81)
' (0.73, 0.033,0.75)
>

,‘(,?~b .

(0.66, 0.16,1.01)

<

(0.87, 0.054, 0.70)

A—

u LIEGE May 2025 - CM3 research projects 160 <l Beginning

université



Ductile failure of High-Entropy Alloys (HEA)

« ldentification methodology

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

assume initial f

e Evolution from 2PL

fo = 0.002
0.0077° « 15t specimen
— Non-local lengths 0,006 + 2" specimen
« From intervoid spacing x 3" specimen
0.005{° Average

g, —12AE, = ¢,

Porosity fy
o
o
o
B

0.003
0.002

0.001 1

~ 2 A=~
g, —12ANE, = ¢ . . , .
| "d e Ftd T d 0 5 10 15 20 25
Distance from the crack surface (mm)

[, =40 um

SEM images by A. Hillhorst, UCL
= N—
¥ LIEGE
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Ductile failure of High-Entropy Alloys (HEA)

« ldentification methodology i
— Elasto-plastic matrix 8001 5NR4 ‘
= 1
* Yield surface % 600- O\
_ Gqu a2\ 4 _ 2¢2 = e Experiment, 5SNR4 A
e = o +2q.f cosh (20y) 1-q5f°<0 2 00, ---- Fracture W
» Do not consider porosity evolution f~f,~ 0 g - zmc:- :c:g-‘l’l
« Hardening law from 1L and 5NR4 samples : g‘zoo- —= Emc=1,n=0.2
—— Eme=1,n.=03
01 & —_— Epc =+
[ €m 0.00 0.05 0.10 0.15
oy + higm + hy |1 —exp| — ifeg, < eme Engineering strain
exp
Oy = 3 ne
Sm .
ayc< ) ifem > eme
\ €mc
— Porous plasticity parameters of Gurson 3 800 AV |
=
« Classical: 2 600 |
= e Experiment, 1L i
q1 =15 > ---- Fracture
! % 400 ——= €mc=1,n.=0.01
q; =1 2 |$ |- eme=1,n.=0.1
2200+ — Ene=1,n,=02
w —— Eme=1,n.=0.3
0- —_— = t @

00 01 02 03 04 05 06 0.7
Engineering strain

A—
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Ductile failure of High-Entropy Alloys (HEA)

« ldentification methodology

— Internal necking

 Extended Thomason model

— 0.8
2 f i
£ < <
¢ 5 0eqCOS 0 +|pl - C;(x, W)ay <0 § 06
o
S

Max Principal Stress
e With P 0.4

1— 2\’ 1| ©
chiwm == b (352 o !
\ 0.1 1.24 l

« 5NR4 fails by internal necking

3 800
=
Py 5NR4
2
@ 400 Experiment, SNR4 E
o 1
£ ==== Fracture H
- - - “ --- k=125 |
used to calibrate the void spacing factor x = 1.25 e k—1s ;
0 : |
. . 3A 3 . T T T T T T T
Images by A. A=klé;, xy=—7|=—=-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

— Porous plasticity parameters @
. . . o . . B I T - - - -=-=-=
* fzfgr‘l'fnu'l'fsh with fgrz(l_f)gv : Af :
« Assume early nucleation f, = 0.002 {I: '}‘. :&
Vo

: - :
| 1
I 1

fnu = An(gm)§m =0

. Shear growth @

fsh = kwoy < )¢w(COS 39)f8d

eq

1/(n 2
¢y () = exp [—§<n—> ]

b (W) = 1 — w?
« Forng =0.15: ¢,(n) =0 at high triaxiality .

For 7GRx fsph =0

il

Can be used to characterise remaining parameters

A
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Ductile failure of High-Entropy Alloys (HEA)

« ldentification methodology N
1.2 :
— Coalescence by shearing i
1 !
» Shear surface
X
. With Max Shear Stress !
¢l =& -1 0 i
* Ligament evolution 15 1 05 0 05 1 15
X =K,éq

« 7GRS fails by internal necking

s

Engineering stress (MPa)
@
o
o

400 1
® Experiment, 7GR3 —_ =11
200 i -—— Fracture srmnmm £= 1.15
'_‘,,."\ = g .’2 — E=1-2
used to calibrate the shear coalescence 0.00 0.02 0.04 0.06 0.08 010 0.2
Images by A. , Engineering strain

Hillhorst, UCL parameters § = 1.15 & K, = 5

. A—
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Ductile failure of High-Entropy Alloys (HEA)

« ldentification methodology

fnu = An(gm)ém =0 I

— Shear-controlled void growth @
o o . . . ~ _ 2 I-TT T T T T T == 1
’ fzfgr+fnu+fsh with fgr— (1—=1)é : Af :
« Assume early nucleation f, = 0.002 {I: '}‘. :&
VJo
l - :
1
1

« Shear growth

- p .
fsh = kw¢n — | ¢, (cos30)f&,
Oeq
By (1) - (" )2
B n)=exp|—s5\—
7 2\
800 - Experiment J2
bo (@) =1 - g NE
= g kw =5
ﬁ 600 1 k,=3.5
« Lastterm kW = 3.5 from 3SHEAR 2400_ Fracture point
22001
0_
0.00 0.05 0.10 0.15 0.20

Engineering strain

A
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Ductile failure of High-Entropy Alloys (HEA)

- Validation of identified parameters

— Plates

Ligament ratio [-]

Ligament ratio [-]

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% specimen
0.014 - + 279 gspecimen
x 3" gpecimen
0.0121 GTN-Th-Sh, 2PL
<
> 0.010 1
i7)
S 0.008 -
0 -
o
0.006 1
Ligament ratio [-] 0.004 1 o, b i
- o0
0.002 W
0 05 1 X R PR L f
0 5 10 15 20 25
Distance from the crack surface (mm)
800 1
_. 700+
&
= 600 1
E 500 1
; 400
£ 3 Experiment, 1L
N GTN-Th-Sh, 1L
g gébz Experiment, 2PL
S « GTN-Th-Sh, 2PL
A ‘ 100 - Experiment, 3SHEAR
Plastic strain [-] ol ‘ = GTN-Th-Sh, 3SHEAR
0 0.721 1.44 : . ; ; . . : .
—— C TT——— 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Engineering strain

A
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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
I B— ] [ —
800 -
© :
o :
~ 600 E
] :
a N
2 400 -
'5 ® Experiment, 2NS1
g \ACD'\ —— GTN-Th-Sh, 2NS1
© 200 - 1 ¥ Experiment, 2NS2
& ==+ GTN-Th-Sh, 2NS2
®  Experiment, 2NS4
Images by A. olw e GTN-Th-Sh, 2NS4
Hillhorst, UCL 0.00 0.05 010 015 020 0.25 0.30

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

- Validation of identified parameters

— Axisymmetric bars

B = 2

Ligament ratio [-]
0.5 1

0_ ]

Ligament ratio [-] 800+
(3]
0 0.5 1 £
E— ] =
v 600 -
g
I
2400+
o
e
=) ] ®  Experiment, 4SR
uc_, 200 = [, plasticity, 4SR 45R
¥ Experiment, 5NR4
Images by A. 04 # ——- J; plasticity, SNR4
Hillhorst, UCL . . ;

0.0 0.2 0.4 0.6
Engineering strain i

' - : - — . - -
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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 B ]
$ 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 RN
Ligament ratio [-
Images by A. 0 g 06 (- 1
Hillhorst, UCL '
- I— —4—
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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/j.engfracmech.2022.108844
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Computational & Multiscale
Mechanics of Materials

Micro-structural characterization and simulation of
fiber-reinforced highly crosslinked epoxy
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Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

* Resin behavior (experiments UCL) 200, 5
— Viscoelasto-Viscoplaticity =
— Saturated softening < 150
— Asymmetry tension-compression a
— Pressure-dependent yield d s
51000 g7 = 1.4 x 106 s
: : : ) —1.4x10%st
« To used in micro-structural analysis Ig s/ 00000 1.4 x 103 s-1
— Behavior in composite is different ' 1.4 x 102 g1
— Introduce a length-scale effect 0 | ~-1.4x10tst
0 0.2 0.4 0.6 0.8
-True Strain
2.5] —qg=1 (Drucker-Prager) 120,
—a=2 (Paraboloid) —_
21 7 a=3.5 6_5 90 """
& Ta=d =
15w S 60
b NS &3
1| ® Exp. Lesser 1997 é T — 13 %1031
Exp. Hinde 2005
0.5 X Exp. Sauer 1977 N 0 | | | |
-6 -4 -2 0 2 0 0.02 004 0.06 0.08
p/oc True Strain
LIEGE =

Y
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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"))

Resin model implementation:

LIEGE

université

* Internal variables Z(t")

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

Requires non-local form [Bazant 1988]

-True Stress [MPa]
H

* 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
| Dy = Dsyp(Dsyp F(E), x5 (£ Z(1), T € [0 €]) sy

Xsyr(®) = max (7s/r (D)

Vsir = Larp Dsyr = Vsyr

200

=
o)
o

o
o

9)
o

O'A

~~Isotrop. Hard.

""" Kinematic hardening
— Both hardening

-True Strain

0 02 04 06

0.

Local: no mesh nn
convergence u'

M v

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

* Resin model: hyperelastic-based formulation

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

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

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

— In current configuration

ap(c¥e)
acve ’
— In co-rotational space

®FVT =207

P = 2F'e. Fvp "

T

=P -FT = 2F'¢. Fve

1

9P (CVe)

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

cve = FveT . FVve

It = Fve' . . Fve”
— Apparent stress tensor .

QC
* Piola-Kirchhoff stress \/

P=(1-Dy)(1-D;)P uve

A
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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
4G = 5,4

l

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

— Total potential y:

[ D7) = Yoo (€7 + ) [(C7) + (€™, q))]

M .Fv T

| P=2F—

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

« Resin model: visco-plasticity
— Stress, back-stress

@p=%-b
— Perzina plastic flow rule
v _ wvp wvp _ L, 20OP
D'P = FVP . F'P ——<¢>P—T Initial
ield
— Pressure dependent yield surface Zluerface
[ b = <<peq>a_m“—1tr(p_m“+mgo
o m+1 o, m+1
O¢
m=— )
— Oc 2.5 =1 (Drucker-Prager)
— Non-associated flow potential —a=2 (Paraboloid)
tron 2 21 T a=3.5
p= (oo +5(22) i -
~
— Equivalent plastic strain rate: g 1.5 * AL
Y = — SN\
/1 + 202 1+ * Exp. Lgsser 1997
1 Exp. Hinde 2005
_9-28 05 * Exp. Sauer 1977 N |
P18+ 28 6 -4 2 0 2
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Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

* Resin model: saturated softening 200y o s
Pure resin uniaxial 4

tests

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

|—\
Ul
o

-True Stress [MPa]
o
o

- - -=-Experiment
VS_ZEAYSZY _____ Dp_02
soo T Y
— Calibration — Do, = 0.31
« Several hardening/softening combinations 50 Dy = 0.51
 Requires composite materialtests ¢ . Dgoo = 0.62
— Length scale effect 0 ‘ ‘ ‘ ‘
I = 3um (1 D5> 0 0.2 0.4 0.6 0.8
s = - -Tr rain
Dyor 240 | ue Stra
— Non-local BC at fiber interface [[)75]] =0 T Composites  wt....
D, o i ——
0.5 = 180
I @ Experiment
D -=EXxperimen
1200 7 Dyoo = 0.2
v — Do, = 0.31
0.25 = 60 -~ Dgo = 0.51
-------- Dsoo = 0.62
I 0O 0.02 0.04  0.06 0.08
0 ) -True Strain
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Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

* Resin model: failure softening
— Failure surface

[ op =y—aexp(—btr(%) ) —C

>
i
)

3tedq
i ¢f—r=<0;7=0;and 1"(¢f —T‘):O

T’f =T \
— Damage evolution I -True Strain_
[ Dy =H(x) (1 D) dy
| x5 = max (Vf(r))

Vr—1f A7r = ¢

lr =3 pm Vo?r N =0

-True Stress

— Affect ductility

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

* Resin model: failure softening (2)

— Damage evolution U YA(EaI failure ) ading path
Dr = He(x;)" (1= D;) "4 yend
e =He(xs)” (1= Dr) " ¥y
Vr = If A7r = vp R | .2 Localization
Unloading paths\_ | ©"S€!
— Calibration V10€ e oo
« Recover the epoxy G, J,
* From localization simulation : >
G.A = yend — yloc o
300,
< 200
£
<)
¢ 100-
~ . 200
T 100
| (um) 00 H

f a_
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Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

. L 250 7
Resin model: Validation —-1.410 ®s™" Num.
— Compression without barrelling effect  2gg | * -1.410 ° s Exp.
i~ ——-1.410 * s Num.
%150 g -1.410 “* s Exp.
e 1.410 2 s Num.
$100 I 1.4 10 ° s Exp.
N R | 1.4 10 2 s Num.
© ¢ -1.410 2 s Exp.
= o0 \—-1.410 " s Num.
-1.410 ' s Exp.
0¥ | | ‘ ‘
0 0.5 1. 1.5 2.
250 [.-.-. No friction
—  With barrelling effect — Friction 0.07 ,
200 Friction 0.15 AN
% o + Exp. PTFE fim 2 S
=150 P e ;
2 =
£100
o \
0.4 ©
- i
7. = 50
| 0l | | | |
0 0 0.2 0.4 0.6 0.8.
: True Strain A
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Micro-structural simulation of fiber-reinforced highly crosslinked epoxy

. : : : 160! —— 20 um x 20 um
Composite model: Extraction of G, 20 1im x 40 gm
T —-—- 20 um X 60 um
2120 20 um x 80 um
«
79}
2 80
0p]
=
= 40
% 0.075 0.1
True Strain
110 . 8 |
. * —— 20 um x 20 um
* — 20 um x 40 um
—100/ s 6 . —-—- 20 um x 60 um
IE = N— N TN 20 um x 80 um
— 90 =) 4 o
80 ' . ¢ = 2 TSR tol
¢ .'
70 0 20 40 60 80 O0 40 80 120 160
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 — M e
&
x --Exp. 102 s
g 120 .......... Num 10-2 S-l
0.25 7p -=Exp. 10-3 s~1
S a0l ~—~Num. 10-3 s~
5 -=-Exp. 10-4 51
0 . ) | ~-Num. 10-% s~ |
0 0.02 0.04 0.06 0.08
-True Strain
« PDR T.1015.14 project
— ULiege, UCL (Belgium)
e Publications
— 10.1016/}.ijsolstr.2016.06.008
— 10.1016/[].mechmat.2019.02.017
184 _Beginning
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Computational & Multiscale
Mechanics of Materials

Hollow Dumbell: Uniaxial Compression @ 23°C

16 1
Exp. Imm/s

k.
* d' Exp. 10mmy/s
Exp. 100mm/s
Exp. 1000mm/s
Mum. Imm/s
Num. 10mmys
Num. 100mmjs
Mum. 1000mmys

14 1

10 1

Eng. Stress [MPal

ST = = T <]
I R R |

=

oo 25 50 75 100 125 150 175 200

Displacement [mm]

==

Finite-strain thermomechanical quasi-nonlinear-
viscoelastic viscoplastic model for thermoplastics

This research has been funded by the Walloon Region under the agreement no. 2010092-CARBOBRAKE in the
context of the M-ERA.Net Join Call 2020 funded by the European Union under the Grant Agreement no. 101102316.
TPU experimental results (provided by imdea, JKU) were obtained in MOAMMM project which has received funding
from the H2020-EU.1.2.1.-FET Open Programme project MOAMMM under grant No 862015.
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Finite-strain thermomechanical quasi-nonlinear-VEVP for thermoplastics

* Basis: Hyperelastic visco-elastic-visco-plastic material model, see VEVP model
— Strain measure:

o F=F'e.F'P (Ve = FveT . pve Eve — %hl(cve)

o LVP = lf;vp . Fvp-1 , pVP = VP

— Visco-elastic part

t
rdev = f 2G (t — S)%dev(E"e(s))dS

— Q0

1 t 4
= -t = | K(t— s)+tr(Eve(s)d
p=3T f_ ) (t — S)gstr(EVe(s)ds Kok,

— Maxwell model Gy, gi Goo

1

* G(t) = Goo + Xily Giexp(—)

e K(t) =Ky + Z?’:lKiexp(—kii)

— Parameters:

Ko Go, Gi, g Ki ki, i=1,.,N

A
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Finite-strain thermomechanical quasi-nonlinear-VEVP for thermoplastics

« Basis: Hyperelastic visco-elastic-visco-plastic material model

— Visco-plastic part .
- N
« Back-stress F=(m)* =0 ~_ TZA?A \
¢=1t—-Db F=0 ‘/ ‘I
- 7/
- Perzina plastic flow rule \/}/ /) >
DVP = FVP Fvp-1 1 (F)l opP =1 opP y ;:
= = - S— = - / 1
ot ot Initial /
* Yield surface, flow potentlal yield P
~ . 0N\ m*—1tr¢ mE+m surface
“\Y.,) m+1Yv., m+1
i Ot
m= 2.5 -
Oc : a=1 (Drucker-Prager)
. trep\ 2 —a=2 (Parabolmd)
| P ( ) > =35
. . . S a=d
« Equivalent plastic strain rate: ~ .
- g 1.5 *
~ \/DvP:DVP S SN
y = —— ° \\\\\
) { 1+ 202 1+ ¢ Exp. Lgsser 1997
Exp. Hinde 2005
9 — 28 * Exp. Sauer 1977
| " T 18428 0% 4 2
tr () /o,
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Finite-strain thermomechanical quasi-nonlinear-VEVP for thermoplastics

« Basis: Hyperelastic visco-elastic-visco-plastic material model

— Visco-plastic part
« Hardening

Yc = Hc(y)y with Hc(y) =Co +
1Yy = H(y)y with H(y) = ¢ty +

F—@m1)® =0 ~,

h. ngxp(_hc Y),
he HPexp(=h; ),

: H . »
b = 229 pvp with H,(y) = by + hy, Hoexp(—h, ¥), Initial
L /1+2v§ yield
surface
— Parameters: (back-stress)
® Oco; Co» hc !Hg
- PN\ m¥—1tr¢p m*+m
0 _
* g, Ormy, ty, he , Hg F_<YC> TmAlY.  mil
e 7,5 a B m =2t
JC
_9-2p
Y T 18+ 2
LIEGE Seainni
May 2025 - CM3 research projects 188 <‘ Beqginning
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Finite-strain thermomechanical quasi-nonlinear-VEVP for thermoplastics

« Ingredient for thermoplastics material (model developed in CARBOBRAKE)

Mechanical Cyclic Loading - Stress vs. Strain

— EXPZ, T=-10{C
— Exp3, T=70°¢

30

25 1

20 1

15 -

10 -

eng. stress [MPa]

/

-5 4

0.000 0.025 0.050 0.075 100 0.125 0.150 0.175 0.200
engd. strain [-]

propylene Cyclic Loading

Mullins Effectand Selfheaing
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Finite-strain thermomechanical quasi-nonlinear-VEVP for thermoplastics

* Ingredient for thermoplastics material
— Visco-elasticity

t
7dev = j 2G(t — S)%dev(E"e(s))dS

1 t . .
p=3T = j K(t — $)$trE®e(s)ds Ky, ke o
- - Gy, 9i Goo
G(t) = G + Z?]=1 Giexp(—i) | |

K(t) = Koo + iy Kiexp(—1) |

At

At
T8¢V = 26; [exp( )dev(EVe —T)),, + exp (— E) dev(EV® — EKe)]

l l

—/

pi = K;

At ve At ve ve
exp| =~ tr(EV¢ —I;),, + exp ok tr(EVe — EY®)
l l

[ — Thermo-visco-elasticity tnis
« Introduce a shift factor At - f dT  from master curve
th ar(T — Tref)

— Thermo-visco-elasticity-visco-plasticity
» Energy consistency demonstrated after turning E}® andI;,, to current unloaded configuration

A
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Finite-strain thermomechanical quasi-nonlinear-VEVP for thermoplastics

* Ingredient for thermoplastics material
— Visco-elastic part becomes quasi-non-linear

[ Ko = KAy (tr(EV®))
Goo = GooBg, (dev(E"e))
] Kl’ kl Ku k OO
K; - KiAvigtr(E"e —-T)) )Gi» g; l, 9
. Gi - Gini deV(E"e — FL) |_|_| |_|_|

— Asymmetry tension-compression
» Logistic function f

_ Ay (tr(E¥®)) = f(tr(E¥®)) Ay, (tr(E¥®)) + C (1 - f(tr(E"e))) A, (tr(E¥®))
By, (dev(E™®)) - f(tr(E"))By, (tr(EY®)) + C (1 = f(tr(E™®))) By, (tr(E™®))

Ay, (tr(EY® = T))) > f(tr(EY = T)) Ay, (r(E¥® — 1) + € (1 = F(tr(E® = T})) ) Ay, (tr(EY - T))
| By, (dev(EY® —T})) > f(tr(EY — ) By, (tr(E¥® = 1)) + € (1 = f(tr(E®))) Bay,, (tr(EY — T))

< A—
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Finite-strain thermomechanical quasi-nonlinear-VEVP for thermoplastics

* Ingredient for thermoplastics material

— Mullin’s-like effect Uniaxial Tension Cyclic Loading(QS, 23 °C)
« Work in an effective space

. . ~ 20 A
— Free visco-elastic energy

— Stress T

H 1] H ” 15-
» Define a “reversible” damage

g
N =
—_ Z=1_Z<1_,\¢> ﬁlO'
l:bmax 1,:,
— Dissipate during loading 2 s
— Apparent stress T = (% Y /;

—— Exp, T=23°C
—— Num T=23°C TVP cyclic

0 1 2 3 4
eng. strain [%]

A
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Finite-strain thermomechanical quasi-nonlinear-VEVP for thermoplastics

- Polypropylene BJ380MO (tests from LEARTIKER) &

Tension
35 — Compression
foe-u --— Exp. -10°C __
30 S N R R Exp. 23°C ' T R
IF B S —= Exp. 70°C go{ —~ Exp.-10°C e T s e
5 25 P- [ » Exp.23°C 17 __--—7 g—E
a | -B- Num. -10°C e Exp|ToCC -*‘}E/
3 radin -6~ Num. 23°C o XP:
220 e P £ 60 B Num.-10°c ]
£ . f/ﬁ o Z | o= Num.23°C
[ 0 = Num. 70°C
c 10 o = b skt APt et 4';; W —
w e ! " -
/”f' o ,‘;’f T et
5 4 el c ”J; “"‘.-
./ w i e
f 20 A 7 —
0 o I B " o Mm— b )
T 1§
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200 182
Eng. strain [-] 0
0.00 0.01 0.02 0.03 0.04 0.05

Eng. strain [-]

Exp. 23°C, QS
© Exp. 23°C, 0.5/s
Exp. 23°C, 5.0/5 |
Num. 23°C, QS
Num. 23°C, 0.5/s ||
Num. 23°C, 5.0/s

|
0.00 0.02 0.04 0.06 0.08 0.10
Eng. strain [-]

< A—
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Finite-strain thermomechanical quasi-nonlinear-VEVP for thermoplastics

. Polypropylene BJ380MO (tests from LEARTIKER) i

0]

30

= R
g7 7
20

, P
Y 2. g

i Ry
/ ——— Exp. -10°C Mono
~10 = Exp.-10°C Cyc

/{ —©— Num. -10°C Mono
== Num. -10°C Cyc

Eng. stress [MPa]
N\

—20

0.00 0.01 0.02 0.03 0.04 0.05
Eng. strain [-]

Pt .l.u-—c.—‘e‘l'ﬂz_-.‘._
20 5 e 7
7 —~—LEh -
10 ; a = SRS e
‘Al " .
— 15 _ {’ / ! -]
(] o !
o o . /
= s JA /i
o 10 =
0 ﬂ _."
o g
‘U-'; 5 t,]" .
[ c P
w A |
R (e Exp. 23°C Mono ] g Exp. 70°C Mono
== Exp.23°C Cyc == Exp. 70°C —
—5 —©— Num. 23°C Mono - —8— Num. 70°C Mono
—#— Num. 23°C Cyc —— Num. 70°C Cyc |
| | | |
0.00 0.01 0.02 0.03 0.04 0.05 0.00 0.05 0.10 0.15 0.20 0.25
Eng. strain [-] Eng. strain [-]
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Finite-strain thermomechanical quasi-nonlinear-VEVP for thermoplastics

« Calibration on IMDEA TPU tests: cyclic loading

TPU Tension @ 23°C, 7.37e-4/s TPU Compression @ 23°C, 2.78e-3/s

o 304 — Exp Mono
""""" —— Exp Cyc
254 ~~°° Num Mono

& - R
s 6- = 20+
w wn
wn wn
o v 15
-+ 4 - -
0 n
o D 10 -
5 —— Exp Mono 5
2 -
—— Exp Cyc 5 -
---- Num Mono
T e e e Num Cyc 0
0.00 025 050 075 1.00 125 150 1.75 0.0 0.1 0.2 03 0.4 0.5 0.6

Eng. Strain [-] Eng. Strain [-]

— Numerical Setup - Uniaxial Stress with QNL TVE + linear exponential isotropic
hardening + polynomial kinematic hardening TVP + Mullins effect
 QNL TVE: All TVE branches with equal parameters

« Good agreement with experimental results in compression, mismatch in tension attributed to
less viscoplasticity

< A—
q ¥ H\ErGSIE May 2025 - CM3 research projects 195 <l Beginning




Finite-strain thermomechanical quasi-nonlinear-VEVP for thermoplastics

 Calibration on IMDEA TPU tests: strain rate effect

TPU Monotonic Tension Strain Rates @ 23°C TPU Monotonic Compression Strain Rates @ 23°C
10
S — 35 4 —— Exp 2.78e-3/s 2
- —— Exp 2.78e-2/s ,:’
&1 30 1 —— Exp 2.78e-1/s :
o S 55l =77 Num 2.78e-3/s
Z - = === Num 2.78e-2/s
@ @201 """ Num 2.78e-1/s
o % v
B o4 —— Exp 7.37e-4/s & 154
o —— Exp 7.37e-3/s o
v —— Exp 7.37e-2/s S5 101 i
27 — = Num 7.37e-4/s . |
== Num 7.37e-3/s il
0 - == Num 7.37e-2/s 0 -
0.0 05 10 15 >0 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Eng. Strain [-] Eng. Strain [-]

— Numerical Setup - Uniaxial Stress with QNL TVE + linear exponential isotropic +
polynomial kinematic hardening TVP

« QNL TVE: All TVE branches with equal parameters
« Takeaway: Sensitivity to strain rates is overpredicted by the model

< A—
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Finite-strain thermomechanical quasi-nonlinear-VEVP for thermoplastics

3D Axisymmetric Dumbbell — Tension and Compression tests from JKU

Eng. Stress [MPa]

Hellow Dumbell: Uniaxial Compression @ 23°C

5 K

BB o m
| I R R |

Displacement [mm]

oo 25 50 75 100 125 150 175 200

O
o
*
+

Exp. 1mmy/s
Exp. 10mmys
Exp. 100mm/s
Exp. 1000mm/s
Mum. Immys
Mum. 10mmys
Num. 100mmys
Mum. 1000mm/s

Eng. Stress [MPal

Heollow Dumbell: Uniaxial Tension @ 23°C

10 1

81 O Exp. 0.1mmjs
O Exp. Imm/s

61 * Exp. 10mm/s
+ Exp. 100mm/s

47 — Num. 0.1lmm/s

— Num. 1lmm/s
21 —— Num. 10mmys
0 = Num. 100mmjs
0 20 a0 60 80

Displacement [mm]

Y

LIEGE

université

May 2025 - CM3 research projects

197

A

<

Beginning




Finite-strain thermomechanical quasi-nonlinear-VEVP for thermoplastics

3D Axisymmetric Dumbbell — Torsion test from JKU

TPU Dumbell Torsion - Fax=0

————
—"
-

Torque [Nm]

Exp. 10°/s
Num. 0.1°/s
Num. 1°/s
Num. 10°/s

0 100 200 300 400
Theta [°]

Numerical Setup — Bottom cylindrical surface fixed, Top surface free to move, top cylindrical
surface is twisted.

Takeaway: Torsional buckling encountered at lower angles of twist in simulations.

w ¢ LIEGE

L universice May 2025 - CM3 research projects 198 Beginning




Ductile failure of High-Entropy Alloys (HEA)

* Publication (doi)
— http://dx.doi.org/10.2139/ssrn.5142306

e Data
— https://qitlab.onelab.info/cm3/carbobrake

A
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Computational & Multiscale Ofs
Mechanics of Materials CM3

T K] zc [-]

263 298 333 0 0.5 1
[ - m [ - =

Thermo-Mechanical, Viscoelasto-Plastic Model for Semi-
Crystalline Polymers Exhibiting One-Way and Two-Way
Shape Memory Effects Under Phase Change

This research was funded through the “Actions de recherche concert’ees 2017-Synthesis, Characterization, and Multiscale
Model of Smart Composite Materials (S3CM3) 17/21-07”, financed by the “Direction G en’erale de 'Enseignement non
obligatoire de la Recherche scientifique, Direction de la Recherche scientifigue, Communaut’e Fran, caise de Belgique

et octroyées par ’Académie Universitaire Wallonie-Europe”.
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One-Way and Two-Way Shape Memory Polymers

« Thermally triggered shape memory effect
— One-way shape memory effect

- @)
:*C
2O
E ©)
5 T
: Ny

B:perfect shape fixity
C:real shape fixity

Initial State High T Constant Cooling T,ow T Heating A:perfect shape recovery
Deformation (Shape Fixity) Unloading (Shape Recovery) D:real shape recovery

— D
Temperature
@ @ @ ® @
— Two-way shape memory effect

) @ ) 6)

Initial State High T Constant Stress Constant
Deformation Cooling Stress Reheating A:zero stress shape

Cw\(@
N,

A
@

Deformation

TC THL

Temperature
B:1% programmed shape

C:2" programmed shape
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One-Way and Two-Way Shape Memory Polymers

* Model ingredients for Semi-Crystalline Polymers
— Change of phase in the crystalline region: crystallized vs. melted

CR melted| (1 — z?)(1 — z©) amorphous (z?)

CR crystallized (1 — z?)z€

£ ©
hﬂ: vea
|
~ F m
F
F
a
Fp

+ Crystallinity degree depends on temperature T and on strain measure EVE™
z¢ = —f(T, |[EVE™M|)T, with z€ € [0,1]

T Evem 1 1 T (|Evem|)
f( ’ | |) - Wt(lEveml)\/_ 2 w (|Evem|) ) ]
* Residual strain evaluated at change of phase
pfc — { F™M if melted pfm _ |
constant otherwise .
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One-Way and Two-Way Shape Memory Polymers

1.0

0.8

0.0
0

—f(T, |EVE™|)T, with z€ € [0,1]
(7, JEvem]) = — L

May 2025 - CM3 research projects
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Model ingredients for Semi-Crystalline Polymers

— Crystalllnlty degree depends on temperature T and on strain measure EV¢™

Ve var P | 2 Cpevemy )
Tc(|EVE™|), we(|EVE™|) if T < 0 (cooling)

Ty, we = r
m

(|EVE™)), wy (JEVE™|) if T > 0 (heating)

1.0 <
(b) A
'l, =4
06l ';ldT/dt >0
@ 1. =40 ]
0.4rF W, =8 tl
dT/dt < 0 z,
0.2
0.0 ‘ e _
0 20 40 60 80 100
T [°C]
([EVe™]).,

A
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One-Way and Two-Way Shape Memory Polymers

* Model ingredients for Semi-Crystalline Polymers
— Anistropic thermal expansion which depends on the strain measure EVE!

CR melted| (1 — z*)(1 — z©) amorphous (z?)

CR crystallized (1 — z?)z€

* Model considering spring stiffnesses dependent on a temperature mismatch between phases

5™ (1 ) = G4 1+ A7 ™amh (o™ (1 — 1)

T - T if melted Tm T if crystallized
Ref ™ | constant otherwise Ref constant otherwise

A
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One-Way and Two-Way Shape Memory Polymers

* Model ingredients for Semi-Crystalline Polymers
— Plastic flow during crystalllzatlon when polymer under straining

. Stress, back-stress @ =% —b
* Pressure dependent yield surface

L PN\ m* —1tre m“+m<0

] ¢= O m+1 o, m+1 —
Ot
m=—
O-C

» Non-associated flow potentlal

tr
= (p*7 + (=
. Equwalent plastic strain rate:

VDP: DP 9—-2p

‘}'/:— vp:—
18+ 2
f1+2v12, B

* Yield surface during crystallization

ot (v') = h@9)[o" + [ HE () dye]
aé(r') = h°(Z9)[ad" + [ HE(y©)dy©]
h if 2€ < £
hC(zC) = c_,C
@)=V (1 - hg)z1 ZZS if 2€ > 78
40

_0\/

TZA/

Initial
yield
surface

/

e

d(h¢=1) =0

fu/‘

~

~ | 5

LIEGE
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One-Way and Two-Way Shape Memory Polymers

« Validation on PCL76-4MAL/FUR 3 wt% CNT samples: Isothermal loading cases

=65°

Temperature T

=0°

Temperature T

o
o
T

—
(&1

Eng. strain [%]

(@]
T

—
<o
T

— test
------ numeric

@)

s o o
[R) w o
ot o ot

Eng. strain [%]
o
o
o

0 5 10 15 20
Time [min]

o o
[ N )

=
.

I
o

Eng. stress [MPal
(=]

Eng. stress [MPa]

©
o

=
o
:

=
>
:

=
=
:

0 5 10 15 20 25

Eng. strain [%]

taost
numeric

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Eng. strain [%]
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« Validation on PCL76-4MAL/FUR 3 wt% CNT samples: 2-Way SM effect
@ @ ©) €)
Initial State High T Constant Stress Constant
Deformation Cooling Stress Reheating
150 — ' ' ' ‘ ‘ '
---------------- B 100 - ~T<
--------------- ey () | REESS
'S Tt ! ¢ \ \ \
125 7 ' Vo \
: 7L ‘\ \‘ \\
o = h [Rs] v Y
=100 | £ i L
= = i Vit |
: () *--’E‘-—.‘---- O : = 50 L l| 1 l‘
7 = I byl
. s 1 [ [
b ep . 1 L )
5 50 cfo : ! Ve
' — TS 0.6 PN T T T &5 1 : L)
or | T test 0.973 MPa T - E 25 |“ Ve IE
20 [=——test 1.723 MPa ] . VA i
=T~ bumeric 0.63] QH:I : === pumeric 0.631 M‘ a‘\ ‘\ :1‘\
-— eric 0.973 MPa i 1= iy
0 [=2= mnerie 172§ MPy | 00} L e e e —
—10 0 10 20 OSf) 40 50 60 0 25 50 75 .l‘()() 125 150 10 0 10 20 30 40 50 60
T [°C] Eng. strain [7] T [°C]
- A
a ¥ LIEGE May 2025 - CM3 research projects
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One-Way and Two-Way Shape Memory Polymers

« Validation on PCL76-4MAL/FUR 3 wt% CNT samples: 1-Way SM effect

Initial State ~ High T ~ Constant quhng Low T Heatmg
Deformation (Shape Fixity) Unloading (Shape Recovery

2.75 ¢ 2,751
2.50 | 250 (b)
2.25 2257
E-_).()() L E'_).U() '
= 1.75 =175
2 1.50 z 1507
2125 5 1.25] -
< 1.00 2 1.00f
= 0.75 = 0.75 ] ’ SR
0.50 - 0.50 F —_— test, hf'nriu;.; '
- _ === numeric, loading
0.25 0.25 === numeric, cooling
0.00 & | | | K 0.00 1 | l i --T' lllllnkl‘l'i('. hm}tiug
20 30 40 50 60 0 25 50 75 100 125
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One-Way and Two-Way Shape Memory Polymers

« Validation on PCL76-4MAL/FUR 3 wt% CNT samples: anisotropic expansion

[ |
@) @ ) €)

Initial State High T Constant Stress Constant
Deformation Cooling Stress Reheating

Stress ¢ = 600 kPa Stress o = 0 kPa

—
o
o

.
=1
Ot

Eng. strain [%]
Eng. strain [%]

o
-
o

—— test, 600 kPa, long.
R — t-(‘St, GOO kP&. tranS, 7 0 One-Way and Tw."o-WayShaJeM
=== pumeric, 600 kPa, long. ’ ]
=== numeric, 600 kPa, trans.

[
— ===
DD D 00D D D D

0.00 ¢

50 30 40 50 60
T [°C]

t

Beqinning
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One-Way and Two-Way Shape Memory Polymers

« Validation on PCL76-4MAL/FUR 3 wt% CNT samples: 3D simulation

Deformation & Cooling Release & Reheat

[ww] ¢
T [°C]

-~ o
-~o
~

:>I5ym metry BC

200 250 300

T[K] zc[]

263 298 333 0 0.5 1
= o - -
A—
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One-Way and Two-Way Shape Memory Polymers

 ARC project
— Computational & Multiscale Mechanics of Materials (CM3),
ULiége
— Center for Education and Research on Macromolecules
(CERM UR CESAM), ULiege
— Electrical Engineering and Computer Science, ULiége
* Publications
— 10.1016/j.polymer.2023.125992
— 10.1088/1361-665X/ac8297
— 10.1021/acsomega.2c05930
— 10.1016/|.ijsolstr.2024.112814
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https://doi.org/10.1016/j.ijsolstr.2024.112814

Computational & Multiscale
Mechanics of Materials
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Mean-Field-Homogenization for
Elasto-Visco-Plastic Composites

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

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

* Multi-scale modeling

— 2 problems are solved
concurrently Material

« The macro-scale problem response

@ Extraction of a meso-
scale Volume Element

Macro-scale

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

BVP

* Length-scales separation

I—macro>>|—VE>>|—micro
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

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

0-/\

* Incremental-secant mean-field-homogenization inclusions

— Linear Comparison Composite material
» Defined from unloaded state

— Solve iteratively the system
([ AE" = vyAel + vAel
Aef = Ag; + Agpnioad

) Ag} = Agy + Aggnload

composite

Al = B¥(1,C3", C}"): A&l

For elasto-plasticity: f (04, p) =0
&
For elasto-visco-plasticity: Ap = g, (69, p)At

e With the stress tensors

oS + S Ae)

Q
=)
I

— For soft matrix response
. Remove residual stress in matrix A& = BS(I: C(S)'O» CISF):ASB & 0 = Cgo: Agg
» Or use second moment estimates

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

* |ncremental-secant mean-field-
homogenization

— Stress tensor (2 forms) 2u¢1ApN

A 011

O1/0 = O'Irfg + CIS/ro:A‘EIr/o

O1/0 = C_IS/OO: A“5f/0

o
— Radial return direction toward residual > !
stress
 First order approximation in the strain eq
increment (and not in the total strain) 5 © s f(0n+1xpn+1)
« Exact for the zero-incremental-secant  ° /N “~~______- Ap = g, (a9, p)At
method

— The secant operators are naturally isotropic

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

(6ns1 — O7°
< el?
_ A
CSO — 3KellV01 + 2 (:uel —3 K 5 p) lVOl
n+1
. 8

A
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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 G1/0 : O1/0

O1p0 =

« Use second statistical moment estimations to define the yield surface

xeq __ —€q

010 = Eldevi {010 @ O1/0) w0 = 070

A OII1
A OIrr

—e
(Ungl; 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 - G35 &3
* 17 % volume fraction 060 - ——- 53§=_2513=2522
« Elastic e A

— Elastic-perfectly-plastic matrix

O FFT (Lahellec et al., 2013)

120 1+ e MFH, incr. tg.
+ MFH, var. (Lahellec et al., 2013)
80 | im=—MFH, incr. sec. C;%°
]
Q
=40 -

o | e,
) |bm o 000 gy 0 !
o FFT (Lahellec et al., 2013) &ye..........

45 MFH, incr. tg. @-'-;‘.'.?.'.;'.eXe,'.: .. :

+ MFH, var. (Lahellec et al., 201 404 Ty

—— MFH, incr. sec. C,> N SIS

-70 T T T -80 T T ax :v::-::-,
0 10 %O 30 40 0 10 g[O 30 40

= N—
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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 0 0.02 0.04 0.06

€11

® FE, inclusions

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

< €11 a_
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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 t,, at time ¢,
F'rz.+1

Virtually unloaded configurations

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

 Extension to finite deformations J2(0)[MPa]
— Porous material: homogenized response ce7
2%
J2(0)[MPa] igg
414
518 368
484 323
451 377
417 232
383 186
316 400 141/'
283
216 300 ~
14 OO O Y N
115 :2()()
100 0)
0 O FE 10%
O FE 25%
29
b ]2(0')[MPa]
]2 (U) [Mpa] 1500
135
1333 3 -
1009 &1 760
885 836
760 3
636 38
367 139
263 14

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

 Extension to finite deformations J2(0)[MPa]
20 a

— Porous material: micro-structure evolution 687

642

596

550

J2(e)[MPa]
505

iéi 460

i 414

i 368

i3 323

e 277

% 232

i 186

i 141

216

182

148

115

MFH 10%
MFH 25%

(o) MPal J2(o)[MPa]
o 1500
1500 1382
1258 1123
1258 1133
1133 1009

003 885
760 cae
636 11
511 57
387 253
263 125
263 139
52 14
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Mean-Field-Homogenization for elasto-visco-plastic composites

« SIMUCOMP ERA-NET project (incremental secant MFH)
— e-Xstream, CENAERO, ULiége (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, ULiége (Belgium)
— BATZ (Spain)
— JKU, AC (Austria)
— U Luxembourg (Luxemburg)

* Publications (doi)
— 10.1016/j.mechmat.2017.08.006
— 10.1080/14786435.2015.1087653
— 10.1016/}.ijplas.2013.06.006
— 10.1016/j.cma.2018.12.007
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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

T £
BVP :
/)_ T T

* The macro-scale problem

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

N

« What if homogenized
properties loose ellipticity?

— Buckling of honeycomb
structures

- A
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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
l)M
F, Q,, 0Q,/0 VY Fy,
oP,,/0VF
VFy o
IQ\/OF
— Micro-scale

e Usual 3D finite elements

» High-order periodic boundary conditions ul
— Non-conforming mesh
— Use of interpolant functions -

A
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Second order Computational Homogenization for Honeycombs

 Instabilities dl
— Micro-scale: buckling 25+
— Macro-scale: localization bands ol
— Captured owing to §
« Second-order homogenization §>1'5'
L

Ad-hoc periodic boundary conditions 1l
Path following method

0.5
—Full
0 - --second--order MCH
0 2 4 6 8 10
—A/H (%)
;ﬁ:;ﬁ:ﬁ‘u'l‘-‘l‘l‘l‘l‘l‘t‘|‘l‘l‘-‘l'l’:‘n‘l‘ﬂtn‘n‘n‘u‘uﬂ‘q‘l‘ff
PR "';i' w’ R

’1”:'1“-#?#?- o, ,l : .
DOy ' 508

A
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Second order Computational Homogenization for Honeycombs

* Open-hole plate
2.51

= I Full
o o Multi-scale
é

0.5f

« BRIDGING ARC project
— ULiege, Applied Sciences (A&M, EEI, ICD)
— ULiege, Sciences (CERM)
« Publications
— 10.1016/j.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

Awayumy
A

IGLI ] IGLII ]
0 0.125

0 0.25
- - — ——

Second order homogenization without RVE

size effect for cellular and metamaterials

MOAMMM project has received funding from the European Union’s Horizon 2020
. . . A
research and innovation programme under grant agreement No 862015 for the project T MOAMMM
Multi-scale Optimisation for Additive Manufacturing of fatigue resistant shock-absorbing “‘54
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

) Meso-scale BVP

' resolution

* |ssue for metamaterial: RVE Iength is Second order homogenisation
larger than unit cell because of patterning

change
A
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Second order homogenization for cellular and metamaterials

] Macro-scale BVP
« Account for patterning change ;

— Micromorphic approach v;, VomVi

» Constrain change of patterning modes

. Meso-scale BVP'

* Developed in elasticity (limited number ol on

of modes)

Micromorphic approach
Macro-scale BVP

— Enhanced second-order

homogenization

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

body-force

» Arises from asymptotic homogenization Viesoscale BVI::

resolution
in linear elasticity

* How to account for finite strain, elasto-

plasticity etc...? oF, b /
[E—— m
oFy

M
Body-force enhanced second
order homogenisation

E 4=
q 'I LIEGE May 2025 - CM3 research projects 230 <l Beginning
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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
F\(0),|Gy Fy(X)| Gy

A \ -QmO -QO

| > >
i = |
m X
v
Fn(Xm), Prn(X1y) Py (X), Qu(X)

» Development of the (no-longer) homogeneous field

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

0Py
PM(X) = PM(O)+_ :GM’X
aFM 0

_ o0Qu| .
Qu(X) = Qum(0) +m O-GM 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
F\(0),Gy Fy(X)| Gy f [P,,: 6F,, — b, - Su,,]dQ
A Qmo
Qo
| 7/
0 g j (PM:SFM-I_QM 5GM_
X Qo BM . SUM)dQ
Fm(Xm);Pm(Xm) PM(X)) QM(X)

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

P(0) = Vioj (Poy — by ® X,,) 40
Qmo

QM(O)——f [P @ X + (P ®Xm)T]cm+—fQ by @ Xy @ Xp] dQ —

- 1 aP 0 aPy(0)
z_vo<[ 61\1:"[1\(4) Gy - ]M+( S Gy ] By ®]M)
j b dn—f By dQ = j Py ¢ 1da = j P OFm 140
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 ' 2 F "'
VY I
1 1 ‘
| ' | A
0 . 07
e I
-1 : 4 -1 y »
| 1 ‘ !
' <
2 - 2| f wh s B
2 A 0 1 2 -2 1 o[ | 1 2
e11[—] 11—
-0.426 0.0125 0.451 -0.112 0.017 0.078
Body-force enhanced second Classical second order
order homogenization homogenization

A—
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Second order homogenization for cellular and metamaterials

« Converges toward DNS

— Linear elasticity: Beam bending

—— DNS
— 4x10 elements, No body force
=== 2x5 elements
0.061 —=— 3x8 elements
=== 4x10 elements

0.08+

force f[N]
o
o
=9

0.001

0.00 025 050 075 1.00 1.25 1.50
displacement [mm]

0.25{ —— DNS ~
—— 4x10 elements, No body force -
0.201 === 2x5 elements

-==3x8 elements
+ 4x10 elements

o
=
wn

©
[
o

force f[N]

000 025 050 075 100 125 1.50
displacement [mm]

2 A—
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Second order homogenization for cellular and metamaterials

4.0 304F~+ O 4
R ﬁ%_ P

* Multiscale simulation on honeycomb structures
3.5 2.8

) ; 5.00 5.|25 5.I50 5. 6.60 6.I25 6.l50 6/75
— Effect of RVE size disappears /’\ 3.0
T 2.5

when considering body forces s -
s .
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 [-] 0.0 0 1 2 3 4 5 6 7
0 0.05 A/H [%]

IGLII ] IGLII -]

0 0.2 0 0.2
— — - o=

T =
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Second order homogenization for cellular and metamaterials

25
« Multiscale simulation on meta-structures -0,
— Compression samples of different sizes S 15]
pV4
. . N —— DNS, 14x6
* 6x14 holes _> local instability 2 107 —— DNS, 34x6
. - ] o FE2, 14x6
* 6x34 holes _> global instability 3 “ . FE. 34%6
800 001 002 003 004
AJH [-]
IGLI [] IGL| [-]
0 0.125 0 0.25 A
- - Tam - |
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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

A—
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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.

v LIEGE May 2025 - CM3 research projects

université



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

N
@0

» For structures not several orders larger than the micro-structure size
Lmacro>>LVE>~Lmicro

/

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

A—
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Stochastic Homogenization of Composite Materials

 Material uncertainties affect structural behaviors

Probability ) Probabilistic homogenization
Probability
EFibers /\
Probability Composite stiffness
I
Homogenized
material properties
distribution
Ematrix Loadi ng
Probability
/\ Probability Stochastic
Fiber orientation structural
() m /\ analysis
|
|

Failure load

= N—
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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\ le Astress

L refum] |
L0 > N O L

2.4 28 3.2 3.6 O({) -/

+PDF %Q >
g Q“ strain

7
1 d[ é
pm]

0 >

01234 A0C

= N—
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Stochastic Homogenization of Composite Materials

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

— Fibers detection

2um g Mag= 200KX SignalA=SE1 Date 17 Sep 2016 |
i ke sk WD =125mm EHT=2000kv  Time 7ddd1 |

A—
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Stochastic Homogenization of Composite Materials

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

35! mmm Generated Micro-structure | 3.5 [ Generated Micro-stiucture |
3.0/ T SEM image _ 3.0 ] SEMimage . & |
. 2nd
2.5 2.5
z 2
52.0¢ 5 2.0
3 3
©15 ©15
o [a 8
1.0} 1.0
0.5 0.5
0.0 0.8 = . —
24 26 28 3.0 3.2 34 36 .0 05 1.0 15 2.0 25 3.0 35 4.0 4.5
Fiber radius in um dig IN pm
2.0 : ‘ : : ‘ ‘ : ‘ ‘ ‘ :
[ Generated Micro-structure 0.25! [ Generated Micro-structure |
1 SEM image 1 SEM image
1.5 :
0.20}
P oy
§ 1.0 % 0.15
: 3
o a 0.10
0.5
0.05¢+
0.0 — : -
0 2 4 6 8 10 12 0.00, — T 0 1

Ad in vu'm 29 in. radian 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 dis X
U . —
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Stochastic Homogenization of Composite Materials

* Micro-structure stochastic model

— Dependent variables generated using their empirical copula

— Fiber additive process

1) Define N seeds
with first and
second neighbors
distances

2) Generate first
neighbor with its
own first and
second neighbors

distances
3) Generate second

neighbor with its
own first and
second neighbors
distances

4) Change seeds &
then change central
fiber of the seeds

A
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Stochastic Homogenization of Composite Materials

 Micro-structure stochastic model
— Arbitrary size
— Arbitrary number

3.5}

3.0

Probability

0.0

— Possihility to generate non-homogenous distributions

2.5}

N
(=)

o
o wu

0.5+

I Generated Micro-structure

1 SEM image

22 24 26 28 3.0 32 34 36
Fiber radius in um
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Stochastic Homogenization of Composite Materials

« Stochastic homogenization of SVES

— Extraction of Stochastic Volume Elements
2 sizes considered: lgyg = 10 um & lgyg = 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 = mfwgmda)

1
< Ov = mfwamdw

OO'M
CM -
. duy @ Vy

Ry (r) =

(

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

A—
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Stochastic Homogenization of Composite Materials

« Stochastic homogenization of SVES
— Apparent properties

0.20 . . . ‘ . 0.45 . ‘ ‘ . ‘
lSVE =10 um I PBC 0_4015\/}3 =25 um Il PBC
mmm SUBC
30.15' KUBC ] QO.BS’
c 2 0.30}
o o
o Q 0.25}
20.10 2
= = 0.20
§ ‘8“ 0.15}
a 0.05] ‘ & 0.10|
0.05}
0.00 —e 0.00;
E, GPa E, GPa
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
_Cross-correlation

1.0 ‘ |
0.8~ lsve=10um Ba = By |
N e E, - E.
0.6 “\n, — E, — v, |
0.4 B

--- E.-V;
0.2
0.0}
-0.2|
=045 10 15 20 25 30 35

LIEGE

université

Distance in pum

1.0

-0.4

Increasing lsyg

. Crossl-corre!ation .

..\\
0.8h:

LN, N

N

Isyg = 25 um

10 20 30 40
Distance in um

(1) Auto/cross correlation vanishes at 7 = Igyg

(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

50 60 70

/

A
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Stochastic Homogenization of Composite Materials

Mean-Field-homogenization (MFH)

Linear composites

p
oM

Il
Ql
Il

VpOy + V107

€= Vo&p -+ Vi€

& = ]BS(I, CO ,CI ): &

Consider an equivalent system

For each SVE realization i:

-+ Cy and v; known

— Anisotropy from C},

LIEGE

université

_ / 0 isevaluated

Fiber behavior uniform

_ 4+ C, forone SVE

Remaining optimization problem:

N . .
c inclusions o
| . ®o
. composite
I w =Ui (1),:

matrix

Equivalent
inclusion

May 2025 - CM3 research projects
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Stochastic Homogenization of Composite Materials

A

Cy = Cy

* |nverse stochastic identification

— Comparison of homogenized
properties from SVE realizations
and stochastic MFH

/ ~
Qe

~

{d,cC

Equivalent
inclusion

—/

9)\

4.0 le—10 . ‘ 3.5 le—11 . .
B Direct FE Direct FE
35r . 30f |
B Inverse MFH Inverse MFH
3.0+
2.5
>251 -
= =
E E 2.0
e o]
g 201 g
15¢
8 15} e
o o
10}
1.0}
0.5 0.5+
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
Em Ez 4_ €
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Stochastic Homogenization of Composite Materials

. . . N ; i
 Incremental-secant Mean-Field-homogenization ¢ inclusions
— Virtual elastic unloading from previous state

« Composite material unloaded to reach the stress-

composite

free state (C?l: ; matrix
* Residual stress in components i !
— Define Linear Comparison Composite - T >
- F loaded state unload iv\vcgl €
rom unloa Ag} L -
r _ unload unload <~
A£I/0 - A£I/O + A":I/O ASM Asunload
0
 Incremental-secant loading | inclusions
(7
OMm = O = Vo0 + V|0 :
M= 7 roTo T I composite
Agy = Age = vy Ag]) + viAg] | ,
3 M 0 2 1 matrix
Agf = B(1, C3, C7): A€}
. |
 Incremental secant operator |
S S S A o> | ;- -
s Aoy = Cy (L, C3, CF, vy): Agly Ag] / \CS ! €
Ay, T—

> N—
:l > H\E&E May 2025 - CM3 research projects 252 <‘ Beginning




Stochastic Homogenization of Composite Materials

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

composite

L oS i
(Y mautrix

@ Cy Equivalent
inclusion

9 2
6§ ~ C3RGo) CH © 80/
— Second step from the LCC S 60
* New optimization problem E
Acy = Cy(1,C5, CF, vy, 0): Aely ~40]
: RRPS Y +  Effective Matrix
« Extract the equivalent hardening R(p,) from the =~
_ q J P & 201 Linear EXP
incremental secant tensor _ Matrix (EXP)
CS =~ CS(R(py); € : . . .
6(R(Po); €5) 800 002 004  0.06
Po

A
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Stochastic Homogenization of Composite Materials

 Non-linear inverse identification

— Comparison SVE vs. MFH

Equivalent
inclusion

—/

€5 = C3(R(Do); CH d

% 300 P \\\\\\\\\\\\\\\ % 300 N\\\\N\i\\\\
> 100 \\\\\\\\\\\\\\\\\\\\\\\\\ > 100 \\\\\\\\\\\\\\\\\\\\\\\\\\
8_*6\\\;\\\\\ 002 004 006 8.5§ 0.02 004  0.06

May 2025 - CM3 research projects




Stochastic Homogenization of Composite Materials

« Damage-enhanced Mean-Field-homogenization

— Virtual elastic unloading from previous state

« Composite material unloaded to reach the stress-
free state

» Residual stress in components

— Define Linear Comparison Composite
* From elastic state

Agj)o = Agyyo + As}%load

» Incremental-secant loading

e

OM = 0 = V30 + V0]
! Agy = Ae = voAgf + viAg]

Agf = BE(1, (1 — Dy)C3, €7 ): A€}

* Incremental secant operator

. Aoy = Cy(L, (1 = Dy)C3, CF, vy ): Agly

(]

N

inclusions

A effective

' matrix
matrix

¥ V1 - DTy,

«— <
Asunload !
I Asunload

M Asgnload

. inclusions

CC'?mIO'IOSite effective

Agy, v
Ag
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Stochastic Homogenization of Composite Materials

« Damage-enhanced inverse identification

— Comparison SVE vs. MFH

3001

N
o
o

Om11 in MPa

[
o
o

Om11 in MPa

800 K

Equivalent
inclusion

—/

1

— Do) C5

(1 = Do)CS = (1 = Do(po)) TS (R(po); €5 /7

3001

=
o
o

N
o
o

Inverse_ MFH
Envelope of Direct_FE_

NN
ERA

) W
\\\\\\\\\\\
"

ot

AL

gasettl

\\\\\\\

0.06
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Stochastic Homogenization of Composite Materials

« Generation of random field
— Comparison mverse |dent|f|cat|on VS. dlffu3|on map based generator

|
|

|

|

|

|

|

|

|

I \

[ :

I 3000 4000

: ~ (MPa)

| Eq

|

: 0.25

s

I Vo

|

o 10 20 30

| ~ (MPa) [6*7%

| Yo

|

| :

| 0 500

:~ 5 (MPa)

kg /KD ,

. *Inverseidentification | 9%

| > 25 50 75

: Generated (MPa)
:kzo/kgo b
: 100200300 |
| b (-) X
| 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

TR, 45T

s
W; b < Sy

s et .
s
" "‘ - hb
P07 (a5

CIye
R an*t
e v
L -9 v
X
x r

Yy
Lo hAae
>
e
Y <
<

50[']; ngx = 26%
0.025 0.05 0 0.025 0.05

0
L E L .

~ S —
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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¢

=t
un
o

f—
o
o

[eB Ykl in MPa

un
o

P00 0.01 0,02 0.03 0.04 0.05 0.06 0.07

En11

A—
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Stochastic Homogenization of Composite Materials

« STOMMMAC M.ERA-NET project (MFH for elasto-visco-plastic composites)
— e-Xstream, ULiége (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

A
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Computational & Multiscale
Mechanics of Materials

2.0 T T T T ! J ! 0.014 :
3 ; 3 3 (m) i i
95% CR 0.012F Ec
— MAP, . 95% CR

- ]E[£E| Eoc] | |

® & L

Vi [GPa]

g

0.004 b

0-008000 0.0002 0.0004 0.0006 0.0008 0.0010
e [-]

5 6

=1
co

0 1 2 3

4
E, [GPa]

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

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

Volume Element)

BVP

e

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

A—
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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
partly characterized

0.041PDF

0.03

0.02

0.01 a
0

0 20 40 60 80

0.44PDF

0.3
0.2
0.1

O_

NI
N
o
N
NN P

—_—

Multiscale
model

/ 2
4 4PDF
3
2
é E,[GPa]
2.4 2.8 3.2 36

Inference of missing
microconstituents properties

Macro scale
response UQ

» om[MPa]
200 0°
150 450°
100 90°
58 ey [%]
01 2 34

1 4 ’\
ANA _J

Stochastic
multiscale model

A
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Bayesian identification of stochastic MFH model parameters

« Fibre distribution effect
— 2-step homogenization

7 - I I I — Pseudo (Il 1 II : :/\ / \ |
I N s 7 grains (k) g ! '13("): M-T . ’ Voigt
I/_ 1 N1 e / / Cm(Co, Cr )
N - I/ I - N T[P(p(k)) \\ \\\\\ :—-_: ‘ - B =1
—— = -/ BE (k) /

—  For uniaxial tests along direction 8: ou = oy (I ®)), €y, C; ; 6, eym)

A
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Bayesian identification of stochastic MFH model parameters

Fibre distribution effect
— Skin-core effect

- 1 | - N
~ N -, |
I /\ | _\l
T OASLT .,
Pseudo =
/I I l I —/ grains (k) ofI Y II = ,4 |
— layer (1) 1 op ) 2-step Voigt
N / I b s
I/— I V4 S I e ff S — (Cl(vl[) ((CO ,(CI ,Uél),ﬂ'l(,l)) e A (CM((CO '(CI ,l = ON)
l — 5
ST le TN e L\\\\\‘ ——" J B =1
\\“ \-7\ - -/ . o

Y

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

3 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

B Location #6, Plate #3 ' o) o)
B |ocation #4, Plate #3 |-

1 Location #4, Plate #6 2 Q 6

0.03 o Location #3, Plate #6 |-

004} Ji

1, []

™

0.02)

(— @) D
160
0.01F
b140
0.00 :
0 20 40 G0 S0) 100 120
0.045 5 ; T =100
0040 B =5, ¢0=0 o
' T _ T 5
0.035} D PT5 o 80
‘ =5.¢=3 g
0.030} 2 . 2
— —I $==I »n 60
— (.025} 2 2|
&
= (0.020} 40
=
0.015}
20
0.010}
0.005} 0
0.000 5 0 1 2 3 4 5
0 20 40 60 S0 100 Strain (%)
;- ['] A
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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 ~Bagap  with  Papap(¥) = (b — a)@*B+1B(q, B)

— Matrix Young 's modulus corresponding to experimental measurements

. Eé’cl) with n = 1..n4, 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) = Iy, q,c With lapac(V) =1
Ntotal
n=1
Ntotal
(@.B8,a,b]Eq) Ese’) Torior (@) Tprior (B)Tprior (@) Tprior (b)
I Tpost arﬁr a, | 0c ﬁa,B,a,c oc ) Tprior\& JTprior ﬁ Tprior \@)Tprior
n=1

A
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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;b|E0c) 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 2.0
; 5 s - — 95% CR

3 : : : .
1 T T R N | — MAP 5 |

10a [GPa] T ---  E[z|Eo]

b [G Pa] & ‘ ‘ E(()T)

....... 31_07 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, : : :

= H :
......... 0.5 |
0 60 70 R I 5 6 7 8

A

a # LIEGE May 2025 - CM3 research projects 268 <‘ Beginning

université



Bayesian identification of stochastic MFH model parameters

 Validation

* Perform stochastic homogenization from

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

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

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

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

Evry = EMFH(I(lp(p):aT)'EO , G '0)

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

0.014 ! ! , | 0.009 : : : : 0.007 ,
™ T | — o e
E 95% CR 0.007} | 95%CR| ... .. ... &= I 95% CR 5 i
0.010H — 50% CR 1 0006l =3 50%CR| i ~ | 0.005H — 50% CR r s
© e a @ i ©
0008 | Gl 0,005 b A 0.004F
G | | = | 5 o

0.012-

S : ' ' VY11 S——

©

: : : : (D00 2] S——— :
O Y| Ny W NS W G UL S

6=90°

i

. 0.000
0'0(9,80()() 0.0002 0.0004 0.0006 0.0008 0_()()1()0 0&8000 0.0002 0.0004 0.0006 0.0008 0.0010 (9.%000 0.0002 0.0004 0.0006 0.0008 0.0010
ear [-] e [ e [ .
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Bayesian identification of stochastic MFH model parameters

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

— 2-Step MFH model requires many iterations

* Incremental secant approach
F

OM = 0 = V30 + V0]
! Agy = Ae = voAgf + viAg]
Agf = BE(1, C3, €7 ): As})

S

.~ Too expensive for Bl

— Definition of parameters

o inclusions

composite

el _
(CI : matrix

| V;X/(Cgl

load 1
unloa
Asl e 1 1
unload <
ASM A unload
€o

o inclusions

composite

| S i
(o madtrix

. . N i I:
Ty

aet, £ 74
A€
A

q # LIEGE May 2025 - CM3 research projects

université

270 <‘ Beqinning




Bayesian identification of stochastic MFH model parameters

 Speed up the evaluation of the likelihood 100

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

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

140

« 2-Step MFH model

ompn (£)
= omen(1W (), a,), Eq 40
C ,em(t’' <¢);0)

Stress (MPa)

— 6 (459)
--2(909)
--4(909)
____+ Too expensive for 0 -6 (902)
Bl 0 1 2 3 4 5
— Use of a surrogate Strain (%)

* onnw(®) = UNNW(EM(t);ﬂ» Cy 29)
» Constructed using artificial Neural Network

n /'
« Trained fusing the 2-Step MFH model xl_’é

omrn (£) .
= GMFH(I(lp(p)rar)rEO . )

Cp ,em(t' <t);0) xno_,O\

V1

YnN
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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-
. - . . A
zﬁ””‘) = GIEILI’\{‘)N (el(vi’]),ﬂ, G ;9]-) + noise(/) @f’
100- g U
© ,_--_@ ====
.’ .,k .’ . o / ) :: ___________
_ @D (s@ik) @) (D) . = e
= Thoise (Zc ~ ONNW (SM 9, G ,9]-)) W50 @é & 0-Degree
¢§' & 45-Degree
* Jj=1.ng;, with & & 90-Degree
ng;ir the number of directions 6, tested 0L . : , .
0 0.00 0.01 0.02 0.03 0.04
« i=1.n", with £

n, the number of stress-strain points

e k=1.n% with

test’

”2 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, gieaeh (V) = ————exp [ —=—
. (l, ) —_—
noise™ V21 o i) 20%)
— Bayes’ theory: ’ ‘
T a0 D ™

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]-)>

a_
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Bayesian identification of stochastic MFH model parameters

 Results

2 n<;£ @D (500 @) (D)
) H test noiSe (ZC O-NNW (SM ;19; CI ;8])>

Ndir n
post(ﬁlngz )OC 7Tprlor(ﬂ) H Hl

A
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Bayesian identification of stochastic MFH model parameters

* Verification

o N )R ik
Tpost (918w, Bc ) & Tprioe (@) 1140 T2, TR michy, (22” T G ;e,.))

140_ 140'
1201 120
o 1007 o 1907
o (a1
S 801 = 80
£ 60 £ 601 &
W W ,
404 40 o Experiments
H Two-step
20 20 M —— homogenization
0 0+ .

0.00 0.01 0.02 0.03 0.04
Em

A
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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

A
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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

« The macro-scale problem response

@ Extraction of a meso-
scale Volume Element

Macro-scale

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

BVP

e

* Length-scales separation

I—macro>>|—VE>>|—micro
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

A—

v LIEGE May 2025 - CM3 research projects 277 <l Beginning

université



Non-Local Damage Mean-Field-Homogenization

* Materials with strain softening

— Incremental forms
» Strain increments in the same direction

Ag, =B*(1,C5%, C"): ag,

state

o A\ < cals
/G
-

inclusions

composite

. ce
AT
—
ASI Ag ASO
oA
— Because of the damaging process, the fiber inclusions
phase is elastically unloaded during matrix matrix
softening R St , \
| <« IHI ;
e Solution: new incremental-secant method Ag Ag,
— We need to define the LCC from another stress
A
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Non-Local Damage Mean-Field-Homogenization

N\
 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

inclusions

composite

matrix: G

, matrix: o
— Apply MFH from unloaded state : >
* New strain increments (>0) f i €
<— < <—
Agf/y = Mgy + Ag%load Agpnload pgunload pglnload
oN
» Use of secant operators inclusions

Ag] = BE(1, (1 — D)C3", C0): A€f

« Possibility of unloading

Ag; >0

Ag; <0

9
Agg AE" Ag;,

A—
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Non-Local Damage Mean-Field-Homogenization

* New results for damage

— Fictitious composite
* 50%-UD fibres

— Elasto-plastic matrix with damage

200

150 -

100 -
© 50
(a
= 0 | ——MFH, incr. t
o

——MFH, incr.

_50 _

-100 -

-150 ‘

0 0.05 0.1
E

A
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Non-Local Damage Mean-Field-Homogenization

. OAN
* Material models
— Elasto-plastic material /)
/
- Stresstensor ¢ = C®: (e— spl) /!
/
. Yield surface f(o,p) =069 — 0¥ —R(p) <0 K
af /!
. Plasticflow Ag?' =ApN g N=—- /
do )/
,/ Cel
A
— Local damage model - >
gP! £
« Apparent-effective stress tensors ¢ = (1 — D)6
» Plastic flow in the effective stress space oA
- Damage evolution AD = Fp (g, Ap) 9
/
/
— Non-Local damage model [Peerlings et al., 1996] / .
oc+#(1-D)o
- Damage evolution AD = Fj, (g, AP) —
/
/
 Anisotropic governing equation p — V - (cg . |7'p”) =p )/ ,’/ cel
/I /
.,’
,/// X/(l _ D)Cel
gP! £

A
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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

—

c
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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)
450_p|y 0.01 0.1 1

% * LIEGE _ . —
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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)

90°-ply (out) 45°-ply -45°-ply 90°-ply (in) 0°-ply
t H\EEIE May 2025 - CM3 research projects 284 Beginning




Non-Local Damage Mean-Field-Homogenization

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

o

~90° (out) / 45° 450 | -450 45°/90° (i) 90° (in)/0°
t LIEGE May 2025 - CM3 research projects 285 Beginning
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Non-Local Damage Mean-Field-Homogenization

« SIMUCOMP ERA-NET project

— e-Xstream, CENAERO, ULiege (Belgium), IMDEA Materials (Spain), CRP Henri-Tudor
(Luxemburg)

* Publications (doi)
— 10.1016/j.compstruct.2015.02.070
— 10.1016/j.ijsolstr.2013.07.022
— 10.1016/}.ijplas.2013.06.006
— 10.1016/j.cma.2012.04.011
— 10.1007/978-1-4614-4553-1 13
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Computational & Multiscale
Mechanics of Materials

0.0001 001 1 <l
[

Damage in matrix — i ! Damage in fibre bundle — |
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

stress o

P(o,L) = 1.0 exp{ <L>a <G>m}
o,L) =1.0— —— —
’ Ly o

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

of N fibres

k . p(1— p)
D =3 ‘ P(D|6,L) = N<p, N
g = (1 _ D) p = P(O',L) 4000

3000+

— Length effect

o
i 2000
x[\)" L such that © .
o(x) =0, (1—exp 7 J_ 1000- ° 5x=pt;r|ment
- (L) =099 g, — n=
rdo / () o :=§
T=—— 0
2 dx 200 400 600
X in yum
A—

May 2025 - CM3 research projects
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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
n 3000+
o(x) =0 <1 — exp (— m)) <
oo cl i 20001
— Definition of an auxiliary damage variable © L0 Expe
| n=1
d;(x) ( 'x'> L D) =10-[1—d)" s
X)) =exp|\ —— X)) = 1U— — ap\x 19 — n=3
l =W 0
¢ / 0 200 400
— Auxiliary governing equation in terms of fracture X Inum
energy Gy
_ o2p2g, — L _ et ovf
d; — cl*V4d; e = oo
— Material law
1 P
— _c.relD —
Y(e Dy) = &G (Dp) Yy =5
E 4_ 0 0
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Non-Local Damage & Phase-Field Mean-Field-Homogenization

« Damage transverse isotropic model

— Material law
1 o
1D
Y(E D) =5eC (D) | o=—
2 = 4 0
vi'? = (1-Dpy"
EFP = (1—DDEF  [EF(1-v™o") BTG+ vETOu) BT 4 T TO)
AD AD AD
i e AT ) 0
. . EEP (1= ™)
\ﬁ' y/ CreC=cf'? = Sim Sim 5
2ukT 0 0
0 2ufT 0
0 £
0 0 —
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

—28:(]81:8

Y

— Saturated damage

D0=DmaX0
1 1

140 -
120 -
100 -

& 80 -

S

= 60 -

©

40 -
20 -

0 T ! T 1
0.000 0.020 & 0.040 0.060

(a)

1

( );

1+exp(—=Bo(X—Dco) ) B 1+exp(BoPco )

1

?

1.0 -

0.8 -

0.6 -

o

0.4 -

0.2 1

0.0 . . .
0.000 0.030.0.060 0.090
%(b)

~Trexp(Bopeo) , 10 -
for y > 0. 140 - /
120 . ;L,__ 08 7
/
. . /
— Anisotropic non-local form 100 - 0.6 -
T80 - 4 &
Z.60 - / 0.4 -
< S 40 |
X =max po(t) 40 02 -
20 -
Doy — V ‘\C, V~ - 0 ! T ! 0.0 T T T
Po (¢q - 7Po) =Py 0.000 0020 0.040 0.060 0.00 003, 0.06 0.09
© O(d)
¥ LIE =
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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

Asf/o = Agy)o + Agpyg

Agf >0

A£I<O

7

inclusions

composite

matrix: 6

, matrix: o

N\

<— < <
As}lnload Agunload Asgnload

inclusions

composite

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

—=Ies

G, — 05°S = C3: A€}

or g, = C3°: A€
€5 = TP=(1 - Do)}
« Damage in Fibre bundle

—res

G, — 67 = C}: Ae}

Cret = GP=Cy'P (o)

o | .
matrix:

O—/\

0o

matrix: 8¢

A

LIEGE

université

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

 Test of Phase-Field formulation

Al loadi _ 2500 n
— Axial loading on composite Oc=2205.0 -
» 1.4 mm . 2000+
* . -
o D 0 0.5 1 éx % 1500+
a) Damage in fibres, configuration 1 -
(a) gein fi fig = 1000
B @ 500-
Do 0 0.5 1 éx
(b) Damage in matrix, configuration 1 800 001 0.02 003
Em
2500- n=>27
- - - or = 2205.0
D[ 0_ 0> —1 |Z X 2000
(c) Damage in fibres, configuration 2 © 1
o 15001
=
B T S 10001
0 0.5 1 Y
DO _— - [Z X 500 —_— fg —_ f,t 2
(d) Damage in matrix, configuration 2 lo=v2 mm
800 0.01 0.02 0.03
&M

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

* Laminate study 1000
— AS4/8552 — Notched Specimen

Con'f. #3%

800}

Conf. #4—

Phase-field fibre model |
----- Local fibre damage

0.001 0.002 0.003 0.004 0.005

Composites Science and Technology, 71/12, A.E. Scott
and M. Mavrogordato and P. Wright and I. Sinclair and
o _ | ey S.M. Spearing, In situ fibre fracture measurementin

64% 9) 70% | h) . &0% carbonepoxy laminates using high resolution
computed tomography, 1471-1477, 2011

_ f'é') 57% |

0° Splits  Delaminations % of final fallure load
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
- - —
‘;0 O-degre [_] - ‘ 0 degre [ ] ‘
1x10% 1x103% 1 1x10'6 1x103% 1
E . E -

" D, 90-degre [] | " Dy 90-degre [-]

1x10% x 103 1 1x10% x103 1
| . | _ L
| d—
il N ®) -
D; O-degre [] , 0-degre [-] N

1x10% 1x103 1 1x '6 1x103

| - _ -
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 measurementin
carbonepoxy laminates using high resolution

Active delamination Active delamination 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
| I B

1x106 x 103
-

'DIOdegre[]
1x10% 1x10° 1
E L

VA

Active delamination

Phase-field fibre damage

D, O-degre [-]

1x10% 1x103% 1
m |

Dy 90-degre [-]
1x10% x103 1
| I

Dy O-degre [-]
1x10% 1x103% 1

7N

Active delamination

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 measurementin
carbonepoxy laminates using high resolution
computed tomography, 1471-1477, 2011

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

* Laminate study

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

Phase-field fibre damage, #3

D, O-degre [-]
1x10% 1x10% 1
| I B |

D, 90-degre [-]

1x10% x 103 1
1

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

g

Active delamination

Phase-field fibre damage, #4

Dy 90-degre [-]

1x10% x103 1
E R |

P

il e

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

Active delamination

h) N - = 80%

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 measurementin
carbonepoxy laminates using high resolution
computed tomography, 1471-1477, 2011

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

* Laminate study
— AS4/8552 — Notched Specimen

="
“ D, O-degre [-]
DO [] Y
1e-06 0.001 1 |z X
N |

- : Dy 90-degre [-]

‘- Dy 0-degre []

DI [] v e)
1e-06 0.001 1 |z X -
[ |
Active delamination
Active [-] Y
0.1 0.55 1 |z X
| -

:!.__’

s7% | h)y | 80%

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 measurementin
carbonepoxy laminates using 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,

A
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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

) S o

DO [-]

0.0001 0.01 1
E—— -

Damage in matrix (in & out of yarns)

-
>

\/<;,/
N

DO [-]
0.0001 001 1
— e

Damage in matrix phase out of yarns

DI[]

0.0001 001 1
— S e

Damage in fibre bundle phase of yarns

DO -]
0.0001 001 1

Damage in matrix phase of yarns

'a ¥ LIEGE May 2025 - 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 1000f| ... KUBC
-------- Manufacturer | -»
s 800} e e
[ - 893
= - 892!
c 600 -~ » 801
- .
2 - e +'1.67e—2
_ - <57 400/ f
615
200| 14|
613} /
0 . , 612 .
DO [] 0.000/ 0.005 0.010 0.015 0.020 0.025

DO [-]
0.0001 0.01 1
[ ]
LIEGE

EG’J.II
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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 .« 711
ke ]
c & I 7
._>< 600+ _ ,}// 09 Rt
19 - d .a"':y v
e
- 77" 542 615
aeT 200 2l el
o 230 - B3l A~
0.0000.0050.0100.0150.0200.0250.030
EXX

DO 0.0001 001 1

Damage in matrix - ;e i Damage in fibre bundle — .
[

phase of yarns phase of yarns
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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
« Opendata

A
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U

Computational & Multiscale
Mechanics of Materials

Temperature (K)
5106 5126 LZX
| oe——

Boundary conditions and
tangent operator in multi-
physics computational
homogenization

Equivalent plastic strain

quivalent plastic strain Temperature (K)
0 0 0 2 3157 316.8 L,_;_X
| — | ee—

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

« The macro-scale problem

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

BVP

e

* Length-scales separation

Lmacro>>LVE>>Lmicro
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

A—
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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

0Z

oP 0P
- Tangent operators L = 7 & J = 2xC but also Yr = &yxc = ox¢

» Two-scale procedure

\

_ Microscopic
Generalized boundary
H|II-(Ij\{IgndeI . conditions &
condition constraints

A
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Boundary conditions and tangent operator in FE?

« Generalized microscopic boundary conditions
— Arbitrary field k kinematics: X% = X8+ FE - X, @\

— Constrained fieldkequivalence:j CkxC* dw =J C,l,‘ldwxﬁk

(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\/ -~ R

|

~7 0

A—
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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

\ 0 Wo

— Weak finite element constrained form (w,

(f.(U,) —CTA=0

A

cum—s[TMC]=0
XM

.

— System linearization

Vs

of of 1 SF
T Y'm T "m T T M
—Q5U,, +r— QT——CT(cC r.—S =
) Q aqu mn Q ou,, (€c™) ¢ X5
5 0Fm| _ 3 _ T(ccT) !
| CoUL +1c =S X =0 Q=1-C"(ccT) c

A—
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Boundary conditions and tangent operator in FE?

 Multi-scale resolution

— System linearization

Ofm S5F
- T T T T M —
< i @0t Q=@ e (s ) <o
CSU, +1.—S [‘””“g] =0 & Q=1-CT(cc™)'c
520G

— FEM resolution: §Fy =6X=0
1 <QTI' + (CT QT

— Constraints effect: r = r.=0

— Only one matrix to factorize
U, = —K~ CT(CCT) ) >\ Y

of
K=CcTc+QT—=0Q

oU,,
OUn, Tzﬁ_l( g 2t er(cery’ ) -
o|lFy Xy
— Macro-scale operators at low cost
F 0Py 0Py a& s 0Pm
ZZM Zgﬁ - /\V( ) iy g?% O
_a;rh; axTCA_ e e o1 X
A—

May 2025 - CM3 research projects
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Boundary conditions and tangent operator in FE?

« Thermo-elasto-plasticity

Py -V, = 0
pmCymIM —Dv +qum - Vo =0

(p ! [ p.d
w
M V((U()) wo m
dw Fyn, Vodum, Oy
v V(wo) fwoqm Macro-scale \
1 . .
C Comdw Microscopic
e Viw O)IPm - boundary
D ! — [D,d < conditions &
< Mo V( 0) “ constraints
&
0Py 0Py 0Py L
giﬁ 2;91\1\//[[ a:;zM P = Py (Fin, VoOm, 9m; 0, )
M M M .
dFy; 09M' VoM < = BT+ oW el
- 0v9
Pm . VO = O
\ qm ’ V0 =0
LIEGE .

université
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Boundary conditions and tangent operator in FE?

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

l

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

lﬁé,um ‘ T 137pm

quivalent plastic strain Temperature (K)

Equivalent plastic strain v Temperature (K)
0 00275 0055 [X 5106 5126 | 2X 0 0 0 [2X 315.7 3168 | ZX
e —— Lz e — Lz | e— | r——

< N—
'a ¢ LIEGE May 2025 - CM3 research projects 312 <‘ Beginning

université




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)

 Publications
— 10.1007/s00466-016-1358-z
— 10.1016/j.commatsci.2011.10.017

A—
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Computational & Multiscale
Mechanics of Materials CM3

— lgvg =0.1pm Macro-scale (
— lgyg = 0.2 pum I Direct procedure

190

| 3-scale procedure

=
=

R lSVE =04 Hm

— lSVE = 0.6 nm
— Mean MBC
- Bounds for Si

—
o0
o

w

o

—
-1
jas]

Young modulus [GPa]
3
Probability density
1o
S

[a—y
)

03 04 05 06 07 0% 0 098  1.00  1.02 104
SVE length [;um] 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

@ Extraction of a meso-
scale Volume Element

Macro-scale

(on a meso-scale
Volume Element)

N

» For structures not several orders Iarger than the micro-structure size
>>[ >~
macro VE micro

— 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

A—
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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 B 7
= * material property éj
€/
v\ o v lg_
4 ’ ? .
Stochastic —

_— | Homogenization Ve <ive Probability density
AR < > < 1
Vi Variance of

y .

s /¢ 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 pym- th|ck poly -silicon films

3000 ] b =~ Sy -— Si(311) _ 3000 _ f@-) <SI(_311) _
§ ! Polysi, T=580°C | 1 g | ——Polysi, T=650°C I
— 1 = Si(220) ]

2000 | . 2000 F Si(422) .

i Si(333) ] . i ]

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

] | l ] z J U ]
] Si(400) ] f k f\ ]
O‘wJ L Lml M- i . J\ P ATJ" 0 :—' el "J' . 'J'Ll """"" — ]
30 60 90 30 60 2, ] 90
2, [’ y
Deposition tempeérature: 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 = F €y

Samples of the meso-scale
homogenized elasticity tensors

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

—_— lSVE = 0.2 Hm \/W |
190 I —0dum | = COV = ——-100%
_ SVE = V.2 .;, 5.0t mean
CE 180 lgyg = 0.6 pm B
(@] Mean MBC -é‘
- B . S 45l
2 - Bounds for Si =
z ¥
g 8 4.0
g 3 4.
g E
= E 3.5
o
@)
3.0; ; J
0.3 0.5 0.7 0.8 0.1 0.2 0.3 0.4 0.5 0.6
SVE length [pm] SVE length [m] .
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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))]

RI(2) = 2 :
\/]E [(cm — E(C™)) ]IE [(«:@ — E(C®)) ]
SVE(x,y+1) A SVE (x+, y+) . Young's modulus correlation—
ooy A2V O gy S, ' O
ERGT o
ﬂq& *!% /) :u_'t‘l.' — lgyg = 0.6 um
sliglogetadve 06 -
‘: .“w ‘ﬁ_ 5 é ‘
Y 5
(@]
02
0.0
P 00 02 U1 06 0%
. Distance [pim]
Jo R
— Definition of the correlation length LE{S) = %
R¢7(0)

A—

LIEGE
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Y
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Stochastic 3-Scale Models

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

— Random field with different SVEs sizes ﬁ
lSVE = 0.1 um lSVE =04 um
Vv
— E[E] — E[E,]
100f | e E[E,| + og, Lo E[E,] + og,

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

E E

2170 2170

g g

50160 160

2 g

P 150 ™ 150

0.0 02 0.4 0.6 0.8 0.0 0.2 04 0.6 0.8

X position [pm] x position [pm]

— Needs to be generated using a stochastic model

N

- | Stochastic model = |__ » C

A
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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+/, y+1)

£ (Cy—C:e>0 Ve I 4‘@;@@” &
EA TGRS
oL@l geteive

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

— Evaluate the covariance function

~

Rgf) () = UG GAI(S)RS;IS) ()

=E|[(AP@®) (A +1)]

— Evaluate the spectral density matrix from periodized zero-padded matrix iélp,, (T)
ST )] = z R® [(s) [z] e~2mit™-o™ o g T[] = H ; [w™]|H?, [w™]

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

cﬂ,(r) (xl 0) =N ZA(U ER z Z Hgf) [w(m)] n(S,m) eZni(x-w(m)+9(S,m))
m

S

A
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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(")]e_znif(n)""(m)
n

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

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

lterate

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

Evaluate the PSD SN6"™ (@) of NG (x)

A

No

A
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Stochastic 3-Scale Models

* The meso-scale stochastic model

Normalizedﬁc(,},l)

— Application to film deposited at 610 °C: Micro-Samples f 10
— Comparison between micro-samples and g‘:
generated fields - 0.4
- 0.2
- 0.0
0.08 ' ' ‘ ‘ --0.2
1 Micro-Samples 1.0
0.07| |
1 Generator L
20.06{ Ll
- iy
o 0.05} H] i .
o n Normalizeng,l)
20.04{
= _ ﬁ 1.0
© 0.03} | i 0.8
o
a 0.02 - 0.6
0.4
0.01} o5
0.0 : ‘ : : 0.0
65 170 175 180 185 190 195 200 205 e
1.0

CM11 [GPa]

A—
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Stochastic 3-Scale Models

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

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

mesh

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

lSVE = 0.1 Hm

mean

lSVE =04 Hm

O
o

lSVE = 0.6 Hm

Direct procedure

—
Ut

-/

Coefficient of variation [%]

=
fa

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

mesh mesh

= 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

Eigen frequency

[ Direct procedure
[] 3-scale procedure

e
=]

Q2
=

Relative difference
in the mean: 0.57 %

Probability density
D
o

—
o

0 098 100 L02  Lod
f/f

Eigen frequency

I Direct procedure
[] 3-scale procedure

&)
=

e
o

Relative difference
in the mean: 0.44 %

Probability density
[RV) [o%)
) (=)

[—
o

0.97 0.98 0.99 1.9% 1.01 1.02 1.03

—
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Stochastic 3-Scale Models

« Thermo-mechanical homogenization

— Down-scaling

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

Meso-scale BVP

fpm vm ﬁ
| U = V(w) pMCvM resolution
— Up-scaling @ =Y @
4 1
oM = —j o.,,dw 0o 0o
Viw) Jy ™ ( Cu = = & 6{M:(CM:_H_M
auM ® VM 191\/[

o = dqum
1 M™ vy
fmevde - MM

— 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

HARo

| —Kuu(®) —Kys(0) 0][u 0 0 M] [u
0 _Kﬂﬂ (9) 0 9| = lw Dﬁu (9) Dﬂﬁ 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

support

0.006
20.004 ,, >
2 20.005
0 0.003 (] 0.004
> 2
3 0.002 5 0.003 1
[{»] m ;
8 | 50.002 _,
& 0.001 | = --
0.001 d | [‘
0.000 7400 7500 7600 7700 7800 7900 8000 8100 0-000— 5550 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 um-
thick poly-silicon films

ireATaA
o
Ui

h
Wl
i) |

n
i
i

by

i
ket
i 0,.';.';,1

o

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

nM == CMl:SM + CMZ:KM

my = Cy,: ey + Gyt Ky

Meso-scale BVP
—

resolution [/ ~<Z_--

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

Computational

homogenization
Samples of the meso-

scale homogenized

w; =V; w; elasticity matrix Uy, &
density py

A—
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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 | I ]
-0 F — Sluni H ‘. | @m--w F - Siuui '
= H H | |
:‘E’{J -8 R — Iso .'. : 520 I n----8 R — Iso ! :.'-\‘
g Vi1 R — Siyni : 6 g i e R — Siyni .": h" e
() e - i . P
e Foa 15 A
23 2 o AL
— e P A o y
2 LA, ’ 3 1.0 Sod
—g 2 ) ’.-o;'."-.‘.b.l..' ‘ ® _g ] )..‘...' .‘.‘ L]
s W W 2 ¥ § . .
o] s " g & 0.5 :
Ao ’!" R 7 P e -.
() e :_-.i_.-.f' . ."'-.;’:_._:‘-_...:- () [} e - . > '::.;-':.."‘a' ..\.,’."h.:.:::
9.6 9.8_10.0 10.2 104 10.6_10.8 11.0 Y10 15 190 95 13.0
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

= N—
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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

A
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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 J \

« Same discontinuous polynomial
approximations for the

— Test functions ¢, and : (a-1:)-;(a-1)+(a)- @ (a+1) (a+1)*
— Trial functions ¢

Field

— 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

A
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DG-Based Multi-Scale Fracture

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

@ Extraction of a meso-
scale Volume Element

Macro-scale

T £
BVP :
/)_ T N

* For meso-scale volume elements embedding crack propagation

>>[ e
macro mICl'O

/\

The crack induces a loss of
statistical representativeness
Should recover consistency lost
due to the discontinuity

N

For accuracy: Size of the meso-
scale volume element smaller than
the characteristic length of the .
macro-scale loading

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

60

N,

O 4 fibers
qjj x 16 fibers

: === 64 fibers
. Experimeqtal

€ [%0]

Elastic response

ALY,
PN ,“gsééé
HYNS)

P
LH
ATy,
S DER
PN NP
7 VI IVAVAYA OAVATAN
ATAVAY SOERLASEARRINIES LSRR DS
A REBXRELOONS £, 5 S S
ORI A NS A S5 S ATAVs v
I <vava "%’4 §>:,'.‘ é'é; v %;{ ] £ > g’%"gpﬁv V% A A VA VV}
-y s vy 4N VAV S S
Ay DD AVVE AV AVATE Vs 1 AV Ta /NPR LA A
N XA KA AN | D 2 > PANRTRTIEAS
PR TR SRR AR IO, Ty SRR SRS SREREN
BN NG BRGNS SN CSRPK 52 SNIPRISGR
RISORAERIN OSSR > ] 2. SKISKEEKR
XK DY B S RERIOR)
4 VAR TAV 74

)
4
k
X
;

7 S
vV, %) " K KOS
BAVAY, AN SOV, OYavhvavay, K XA A %
R L K s A e SRR
ATAVAYSAY), VS v AT o ATV, A VAT N e TAVAY, QYA NV, 4 s
R YN SOTSX A N AVAVAYAY v A TAVY A AAAAH KA HRINIOXT
B Y e > > > NSRS A KT SRR N S
VA KNS RSIASRIN AN 20 K> SOSNISPOR, NN SvatVavy
Y A STA VAV Sy RN K TR LT AT
S O AR A A P VA S N AVA VA VAV VAV Y 7av S VA TR
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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 3 ‘ ‘ 50 :
O 4 fibers
LI I X x ,
_ 40 16 fibers
— 40! Oty = 6oy - ey _ A 64 fibers
ch N S‘j 30f ]
N . 320
© O 4 fibers x
207 XX A e m _
q * 16 fibers xx 0Ap 6“_1 _ 10!
?‘ """ 64 fibers e LcellCM 1 €x X €x - StM
: ; * Experimental|
05 ‘ ‘ OO
0 2 6
€p[%]

« 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
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DG-Based Dynamic Fracture

>
il

* Fracture of thin structures N, M 4

Blast
loaded
cylinder

Detonated
pipe

. FNRS-FRIA fellowship

S : . e
 Publications (doi) dir:kgmene

— 10.1002/nme.4381

— 10.1007/s10704-012-9748-5
— 10.1016/j.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

1.2
13 ” H . — -thO.lxlC
2. Compute a “band” deformation gradient T~ e By = 2.0 1.
[uf@ N 1 hy = 5.0 x I,
F, =F+——+ 5V [u] — 08} -ty = 7.0 % I,
hb 2 A s N-I, Only
3. Band stress oy, using the (local) damage law 5” 0.6}
4. Recover traction forces t([u],F) = op.n S 04lb
: : 0.2,
— The cohesive band thickness Seo
.~.,E_’_!.-.-.-
- Evaluated to ensure energy consistency 0 6 s 10

« Same dissipated energy as with a damage model

A—
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DG-Based elastic damage to crack transition

« Slit plate

1

0.5

D
IO

Non-Local+ CBM

127
Force evolution for k=0
1r —
— “'?‘“3%"5‘% ~
| Y 4 & i S £
d 8§ FI85e \
— 0.8 A SRS
—~ y s 8 ¥
= §Fs5s8 & \
Ned §5 ¢ e
J7s 1 1
3 .
=o6r / E
S ¥ . I
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| > ’ .
LL‘ 7 :' ]
02/ 3
: J Q |
/ :
0f A
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A
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\ 4

/
\
ﬂ“qn ,
'
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S/ Non-Local + CZM
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EEEEERT)
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DG-Based elastic damage to crack transition

Slit plate
— Triaxiality effect through ratio &

127

LIEGE

université

. 127 ) >
Force evolution for k£ =-0.5 Force eyolution for k= 0.5 =
1r .~;:§‘$$ T, I
— VTSN <
| .::5 ‘ i""\b \ Ik
: 08 0 :5: o‘
% 0.6 14 . \
- =\
5041/ Py
| Y | x
- 0.2t/ ;|
“|/ A
. 0 ) | | . ~ .
, 2 0 0.5 1 1.5
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o B 1.2 o
Dissipated energy for k = -0.5 Dissipated energy for k= 0.5
\ 1t ’
) 0.8 :
t" ‘ lT‘ . '
! = :
% & L =i
wf = /' Non-Local onl
g o4t ;) Non-Localonly ==
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B 4 02k
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Tension test

Shearing test

DG-Based elastic damage to crack transition

w ¢ 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

Force-displacement curve

Displacement u [mm]

May 2025 - CM3 research projects

CDM/CBM e
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------ Phase field & v
& i
& E
# i
A F
/’ H
/£ E
/" !
/ P
/ . -Z
{ [ - . 1
0.002 0.004 0.006 0.008
A
777N
K
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7
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7
7
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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 | -
_ TN
= nf _[_]_ J_TT
s .
— I Ve
. ‘ § o Exp. Geers
o0 ANy 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)

Physic
al

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

>

CDM | | CBlM g Numeric
(diffuse damage) | (localise al model
damage)

A=
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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 ) g4

* 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 Beginn
b May 2025 - CM3 research projects 346 <‘ Beginning
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Non-local Gurson damage model to crack transition

* Hyperelastic-based formulation

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

— Stress tensor definition
 Elastic potential y)(C¢)
» First Piola-Kirchhoff stress tensor
01 (C®)
ace
» Kirchhoff stress tensors
— In current configuration
ayp(C®)

P = 2F¢. .Fp"

T

—p.fFT = ope . P re
k=P F' =2F == F
— In co-rotational space
r=ce F g Fe = 2¢e . 2D
ace

« Logarithmic deformation
— Elastic potential :

K G
P(C®) = Elnz(le) t7 (In(C®))4ev: (In(C®))9eY
— Stress tensor in co-rotational space

T = KIn(J¢) I + G(In(C®))deY
p

A
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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

T& = q2Dp =
b6 =3 +2q1f cosh (22) ~ 1~ q3f* <0 vs

|
|
1
|
|
|
|
|
|
|
1
|
|
|
|
|
|
1
0

-1.5 -1 -0.5 0.5 1 1.5

V

|

|

Eiq. stress 7o, /7 [—]

Coalescence mode:
Thomason model

()
2 f
¢t = gTeq + |p| - CT (X)TY <0

W x(H) -1

=
o

=
=]

A

1.5 -4 0.5 0 0.5 1 1.5
Pressure p/7y [—|

~ Pressure p/7 [—]
3 # LIEGE
universite
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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 h;, [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 Tul]

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) = op.n

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

A
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Non-local Gurson damage model to crack transition

« Comparison with literature [Huespe2012,Besson2003] 700

//g?"":i' B [Besson 2003]
600 VI:I v [Huespe 2012] @
i I _lmesh =170 Hm B
Slanted plane strain specimen 500 | S
E' lmesh =175 pm
=400 | s50 —
% | o500
= 300 “ 450 |
Q
g 400 |
S 2009, |
100 | °° ]
250
04 05 052 054 | % |
0 0.1 0.2 0.3 0.4 0.5 0.6
. Thick. reduction Ae/ (eg) [—
Cup-cone in round bar - fleo 1=
‘3‘: ™ va
500 3 s
S Ay
% 400 Va
= v
S I
= 300 @y
% o [Besson 2003] o
£ 200 v [Huespe 2012]
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Non-local Gurson damage model to crack transition

» Grooved plate

-
« 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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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

(on a meso-scale
Volume Element)

BVP

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

Lmacro>>Lve ~ ? Lmicro
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

= N
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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

12+ e rrrrrrrrr
- ] N __________ ]
Coo e
IEO.S e
e
6AM — 6um — R S DU + ..............................
| -1 - : : + 3 3
I Lcelch €y ® €x - 8tM o2l i ;'K_ ,,,,,,, -
| e
I 00 1 2 3 l‘l é ~é 7
I Ay [nm]
|
/
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Stochastic Multi-Scale Fracture of Polycrystalline Films

 Macro-scale simulation N e
— Finite element model non- 5 =
1 1 (al ST : :
conforming to the grains O os —¥+ SIS
— Use homogenized (random) meso- s
. . Soel g
scale cohesive laws as input I+ T

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

 Publications
— 10.1007/s00466-014-1083-4

A—
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[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 _ :
lectric ch Conservation of energy Conservation of
electric charge momentum balance

Jo Vo =0 pCIO—D+],-Vy=0 P-V,=0
Jo = J.(F, VoV, V,Vo0,9; Z) J, =q+V], P = P(F,9; Z)awel
q = q(F,V,Vy9,9; Z) D = ppr+90—
A
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Smart Composite Materials

« Two-way electro-thermal coupling
— Seebeck coefficient a
— Finite strain conductivities K(V,9) = F1-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 fr=-3
: 1
variables fo = 3

B () BRI Y

— The coefficients matrix Z(F, fy, f9) is symmetric and definite positive

A—
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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

___________ i —
— Different mechanisms («a)
SONNNN v,
« Multiplicative decomposition
F(a) — Fe(“)Fp(a') 1 3

* Free energy

1'0 = z ll)(a) (Ce(a)’ﬁ) L|J LlJ
. Thermg-visco-plasticity v _
@ =T (Ce(a)’ Fp(a)’p(a)’ﬁ’éf(a)) Intermolecular  Moclecular

bonds/crosslink  resistance

— Stress and dissipation stretching
. Srivast t. al, 2010
P = P(F,19; Fp(“),p(“)’ E(a)) [V. Srivastav et. a ]

D = pp@7(@

A—
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Smart Composite Materials

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

7 .
T - ‘ , . . . Refs. by [V. Srivastav et. al, 2010]
—0.001 [1/s]
9 9 = 220C |-=-01711s5]
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Smart Composite Materials
V=00V >

Recovery of a shape memory composite unit cell

Carbon Fiber reinforced SMP
— Shape memory effect triggered by Joule effect
7

I
— Test with compressive force recovery: \ |
=
N
1O S -
\ \2)
\
|

« #1: Compression deformation obtained above 9,
\

* #2: Fixation of the deformation above Uy
 #3: Reheat above Y, at constant deformation:

= recovery force, the cell wants to expend
* #4: Release deformation/stress
= recovery force vanishes

#3 #4,0.4

0.2

'''''
"
=
-

— Deformation gradient

Electric potential

500 1000 1580
t[s]
(—
363 <‘Beqmn|nq
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Smart Composite Materials

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

O-.X'X
R [MPa]
o I 10
’ 3
U [V] 5 I 5
fos !
0.15 :
lo bi 9K
> 326
d 310
I 294
= # LIEGE May 2025 - CM3 research projects 364
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Smart Composite Materials

Discontinuous Galerkin implementation

— Finite-element discretization
— Same

discontinuous  polynomial
approximations for the

« Test functions ¢, and

« Trial functions 6@ J

Extended to non-linear electro-thermo-
mechanical coupling

Field

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

Publication (doi)

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

 2-scale framework
— Macro-scale: Finite Elements

— Micro-scale: Quasi-Continuum

A
< 1
A |

Grain-boundary sliding/opening characterization

© (1.1,0)

Uy = 11.20°

s = 164.01°

Crystal plasticity characterization by nano-indentation

A—
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Multi-Scale Modeling of Nano-Crystal Grain Boundary Sliding

¢ Graln SiZze effeCt ’ ‘Dogboné A:d=328nm - @-
— Combetition hetween inter-intra aranular Dogbone B: d=6.56 nm - 4~

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/j.imps.2013.04.009
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Computational & Multiscale
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Statistical properties

10810(52/7”?))

Stiction risk

log (& [rad/pm]) 0 0 log (¢, [rad/um]) G . T

I F°(d), Contact force

‘ 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)

tl MEMS stiction

v

S
X 1(? 3 * / >l
] 2% X
van der Waals/Hertz forces at = o i %
. E 4 = \
) the asperity level £ ; ; 7
:; i i x Loading n=1
20 B i *
3 2 i --~- Elastic
o H
o i
S -4 3 «— —n=1
S H :
2 ol === n=2 | Loading
‘ 3 ol ’::.‘ ; =3 (cycle
A< ~ um O 2‘.% weeses =10
% 25 3 35
N measurement Dimensionless distance d/s: \eso-scale adhesive forces
’ in terms of loading %cle
i # LIEGE
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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

[ F*(d), Contact force

; ‘ Capillary/Hertz forces model ‘

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

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

in terms of surface sample

LIEGE
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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

m; =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, (D)d¢
RZ

057 s measurement

5

loglO(SZ/m%)

log((§, [rad/pm]) 0 O1og, (¢, [rad/um])

Height Probability Density

Function
—— Estimated PDF
IO" ! - - - Gaussian
—— Normalized histogram
107}
107
'I'
I
10‘6 i i i H H
-15  -10 -5 0 5 10 15

2 [nm]

Power spectrum density

S

y|pm) 10 0 ! 2[pm]

Generated non-
Gaussian surface
samples

A
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Stochastic Multi-Scale Model to Predict MEMS Stiction

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

y[pm] ! 00 ! 2.1,‘[/“11]
1
|
|
I
1
|
|

Generated non-
Gaussian surface
samples

~

J

7N

I F°(d), Contact force

- Contact Asperity
'I:ISphere approximation

[=]
o e
=] ()] —_
T T

Contact force F' [MPa]

|

=}

— =
— T

1I3 1i5 ll’l 1i9
Distance d [nm]
Computed meso-scale adhesive forces
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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 i |>||-:‘i3 fored

urve fitting Enforce physical constraints
v® - q®

Definition of
parameter vector v

f@)=odv) £ |

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

0" = (g - T AIA

Polynomial chaos expansion

n°c = Z o Wa ()

5 1] _ 15 0 25 [

d [nm] Vs
— 0.1
a5} —_
= &
=X Zaos)
N fy
& 2
+= +=
E— 4%.05—
= =
o =]
)

~ . —0.1F ‘ ‘ . .

1 13 15 17 19 1 [ERNE 17 19

Distance d [nm] Distance d. [nm]
Computed meso-scale adhesive forces Generated adhesive forces
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Stochastic Multi-Scale Model to Predict MEMS Stiction

« Stochastic multi-scale model: Stochastic MEMS stiction analyzes

Stochastic finite elements (random contact law variable)
]Dl Dz
i Dn

. 10° { ——Exp data [Xue et al. 2008]
0.1 NE —— Num results: mean
= Say Num results: 95% range
%‘ E Num results: 60% range
0,05} =
£ ~ Non-Gaussian
g > S
= Of ?_‘0
2 <
g 5 10
.05}
= S
o g A
O 8 Gaussian
—0.1 - ‘ . . . Ej:: 10’] -
11 13 15 17 19 m , . . | , 1 1
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/j.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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