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SIMS (SIMULATION DES MATÉRIAUX ET DES STRUCTURES)

Phénoménologie de la réponse des 
matériaux et compréhension des 
mécanismes aux petites échelles

ri

Calculs par éléments finis  

❑ Essais virtuels

❑ Matériaux digitaux

❑ Jumeaux numériques
❑ … en lien avec 

les procédés

Intégration numérique

Modélisation du comportement et 
ruine des matériaux, informé par la 

mécanique aux petites échelles

VALIDATION OF THE  MESOSCOPIC BEHAVIOR LAW

• 6 microstructures meshed

Direction R1 

(neutral fiber)

Direction S 

(neutral fiber)

• ensuring no effect of the mesh size • accordance btw FEA and EXP

/245
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SIMS (SIMULATION DES MATÉRIAUX ET DES STRUCTURES)

P. Kerfriden

H. Proudhon

V. Yastrebov

C. Ovalle

S. Cantournet

J.M. Scherer

K. Ammar

F. AzzouzF. Nguyen

S. Forest
M. Mazière

Jacques Besson

❑ Comportement nonlinéaire des 
matériaux et des structures
(viscoplasticity, endommagement, 
instabilités, fissuration)

❑ Couplage multiphysiques 
(oxydation, fragilisation, …)

❑ Matériaux digitaux / calculs de 
microstructures (plasticité 
cristalline, contact, composites, 
métallurgie numérique)

❑ Jumelage numérique (image-to-
simu, contrôle basé sur la 
simulation)

❑ Réduction de modèle et 
Modélisation hybride 
(comportements neuronaux, IA …)

G. Rousselier

Francois Willot (CMM, associé)
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Simulation du comportement et de la 

ruine des matériaux
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CPT. ET RUINE DES ALLIAGES MÉTALLIQUES

• vieillissement dynamique : effet Portevin-Le Chatelier & 

impact sur la rupture (Mazière, Forest, Besson, Morgeneyer, 

Rousselier, thèses S. Ren et N. Guillermin) [Safran HE & open]

• Recristallisation par méthodes des champs de phase 

(thèse F. Ghiglione, avec A. Ask (ONERA) et B. Appolaire (Jean 

Lamour)) [Transvalor, CNRS 80prime] Solidification [VTT]

• Plasticité cristalline : bandes de cisaillement et 

monocristaux poreux (Scherer, Forest, Besson, thèse V. Phalke), 

de la localisation à la rupture ductile [CEA Saclay, H2020]

J.M. SchererS. Forest K. Ammar
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MATÉRIAUX DIGITAUX, MICROSTRUCTURES

• Rupture ductile : aspects aléatoires et critères de localisation

pour la coalescence (Forest,  Besson, Kerfriden, Lacourt, Nguyen, 

Ryckelynck, thèses Cadet & Lacourt) [CEA Valduc]

• Couplage fluide/solide pour l'écoulement de fluide

dans des interfaces de contact (Yastrebov, thèse A.G. 

Shvarts) [open, contribution SafranTech]

• Calcul de composites (CMO, CMM)

• Génération des microstructures et maillages à partir 

d’images (morpho. math. , géostatistique, IA générative)

J. Besson V. Yastrebov

• Essais Charpy virtuels dans un acier mésoscopiquement

ségrégé (Kerfriden, Besson, these R. Kenko) [Framatome]

IA generative

C. Ovalle
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Jumeaux numériques, matériaux “data-driven”
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JUMELAGE NUMÉRIQUE

H. ProudhonF. NguyenS. Cantournet

• Calibration & optimisation simultanée des procédés de 
Fabrication additive et de soudage

0 20 40 60 80 100 120

Length (mm)

0

50

100

150

200

S
tr

e
s
s
 (

M
P

a
)

Est im at ion and calibrated FE sim ulat ion

Est imat ion

FE

Conf. interval

5.5. SIMULATION OF EXPERIMENTS 159

Figure 5.31: Mesh of the specimen with defects at the end of the simulation. A good agreement

in the shape of defects is found when compared to Fig. 5.18b.

chapter 4. Those simulations allowed obtaining a localization surface E⇤loc(T,L), which can be

converted to ductile failure indicator. This indicator is here implemented and its use is illustrated

on the simulations of the EPF4 specimen.

As machine stiffness destabil izes simulations and hinders the accurate representation of

ductile failure, simulations without springs are used from now on to study fracture surfaces. The

presence of aspring may influencemacroscopic quantities such as force through the specimen,

but is not supposed to affect the location of failure. In Fig. 5.33, the fracture zone isdefined by

the elements where a local damage indicator is higher than some arbitrary threshold. For the

moment thedamage indicator is the total porosity f coming from Gurson formulation (Eq. (5.16)),

which accounts for void growth and void nucleation. The results corresponds to strain values of

ezz⇠14%, corresponding to the beginning of the final softening of the specimen (see Fig. 5.29b).

For the simulation without meshed defects, the fracture zone is simply orthogonal to the tensile

axis, in the central notched zone of the specimen. For the specimen with 30 defects, the fracture

zone ishowever morecomplex, as it tries and joins defects. It wasnot possible to set the threshold

on f in such a way that the fracture surface be thin and completely cross the section of the

specimen, so a value of f ≥ 0.2 was chosen. Both defects #1 and #2 (the largest of the specimen)

appear to participate in this failure zone, so that this zone stays mostly orthogonal to the tensile

axis. The true fracture surface is clearer in Fig. 5.33c, which focuses on the equivalent plastic

strain (not adamage indicator): The failure surfacegoes through defect #1 and is therefore clearly

oblique, rather than orthogonal to the tensile axis. Note that the defect #3 isexcluded from the

zone of maximum damage: after the onset of necking, it cannot deform further, in accordance

with the results from Fig. 5.31. In the previous fracture surfaces, the value of f = 1, theoretically

signifying the failure of the element, is never reached. This late failure is a known feature of the

above Gurson criterion, therefore the coalescence is generally modeled with an effective porosity

(Tvergaard and Needleman, 1984).

Another damage indicator can be created by adapting the response surface determined in

chapter 4 from simulations on random microstructures. Defaisse et al. (2018) describe the

procedure to convert a failure strain response surface in an uncoupled failure criterion. The

• Simulations rupture ductile avec porosités 
tomographiés (soudures, thèse C. Cadet, CEA)

• Plasticité cristalline jusqu’à rupture sur textures 
tomographiées (Chaire BigMéca, Proudhon - Safran)

Essais fissuration à chaud pendant le soudage

Prédictions en 
moins d’une 
seconde 
grâce à l’IA 
générative

Prévision des contraintes 3D à partir de données 
multimodales lors du soudage [Ryckelynck, Kerfriden, 
thèse P. Alvarez Peirera], EDF R&D
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3.2. Meso-scale model

The sizes, shapes, and locat ions of pores with respect to other pores and the surfaces of the specimen

all have an e↵ect on the fat igue lifet ime. The meso-scale part of the model takes into account uncertainty

due to varying poredist ribut ionsby taking an expectat ion over all possibleporedist ribut ions informed by

tomographic scans. The set of synthet ic porous specimens needed was created by an algorithm detailed

in appendix A. Examples of synthet ically generated porous specimens are shown in 3, and a close up of

the FE mesh in the vicinity of a defect is shown in 4

Figure 3: Example of two generated synthet ic specimens containing pores in their gauge sect ions. Both surface-breaking

and in-volume pores are present .
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Figure 4: Example of a specimen containing a sub-volume of pores as a finite element mesh, with a zoom of the mesh

around a pore

3.3. Micro-scale models

In this sect ion, probabilist ic local models for the failure of a given volume are developed, for both

oligocyclic and HCF regimes. The local models need to be based on mult iaxial criteria, as the local

st ress state for specimens depicted in 3 is complex. The failure of an elementary volume is obtained as a

probability dist ribut ion, given a damage-inducing quant ity of interest Q (which depends on the criteria

of the probabilist ic model model) and their homogeneously st ressed volume V.

Strain life model.
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ACCÉLÉRATIONS PAR IA, FFT, ADVANCED FEMS

• Accélérations par approches

multiéchelles en espace et 

en temps : corrections 

plastiques, sub-modelling 

[Thèse A. Palchoudhary, 

Kerfriden, Maurel, Ovalle] 

• Calculs de VER par FFT

• Eléments finis non conformes CutFEM

P. Kerfriden

GNN

… …

Recover elastoplastic solution pointwise 
using a plastic correction heuristic (Neuber
rule + local proportionality)

• Physics-constrained Neural 

Nets : prédire les propriétés

des microstructures sans 

calcul

Thèse V. Krokos, H2020 
ITN RAINBOW

Linear elastic analysis on 
tomographic image of 

porous alloy

Neuber rule Stabilised cycle

F. Willot



17

Questions: 

pierre.kerfriden@minesparis.psl.eu
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