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Laboratoire des Composites Thermostructuraux (LCTS)

o Jointlab between CNRS, U. Bordeaux, Safran and CEA (~ 80 people)
e High-temperature composites for aeronautics, aerospace, defence & energy applications

e Elaboration, characterisation, testing & modelling
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Carbon/Carbon composites (C/C)

e Aerospace applications (T up to 2000°C)
e Carbon fibres and pyrocarbon matrix

e Multilayer architecture + needle punching

layer adding needle punching layer interlocking




Ceramic Matrix Composites (CMC)

e Aeronautics applications
o CorSiCfibres and SiC matrix

e Woven preform

Multilayer woven
preform
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Image-based modelling of C/C and CMC

Prediction of the thermo-elastic properties of
a2.5DC/C
I Modelling of a C/C with a

non-linear interface model
High-fidelity FE mesoscale models of
woven CMC




Prediction of the thermo-
elastic properties of a 2.5D C/C

Ph.D. of Morgan CHARRON (2017)



2.5D C/C

e Needle-punched 2D woven plies

e Ex-PAN C fibre and CVI pyC matrix; both anisotropic

100"m
—_—




Data to be derived from pCT

e bulk/porosity segmentation + local fibre orientation

Bulk/porosity segmentation Local orientation




Segmentation of the porosity

Size distribution of open porosity (Hg pycnometry) Total and open porosity from pCT
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Estimation of local fibre direction

e G3D10: gradient filter for fibrous material

A/ A/
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e Use of the structure tensor

G=VIQ VI

Go(x) = K»)G(x —y) dy
QW,)

Gu = Ju /Imin — Umin

S

C. Mulat, M. Donias, P. Baylou, G. Vignoles, C. Germain,
Optimal orientation estimators for detection of cylindrical
objects, Signal, Image and Video Processing 2 (1) (2007) 51-
58.d0i:10.1007/s11760-007-0035-2.
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Estimation of local fibre direction

XZ-plane

XY-plane
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Estimation of local fibre direction

e Influence of the smoothing kernel size W,

W, =3 voxels W, = 25 voxels

W, =51 voxels
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Estimation of local fibre direction

Direction x Direction y
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Apparent bundle properties

e Limited variation of fibre/matrix content between bundles

e Apparent properties from microscale image-based models

e Average properties (transverse isotropic)
E\=150 GPa, E; =15 GPa

a=1.3x10%6°C1, a; =4.5x106 °C-1
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Data derived from pCT

For each voxel : bundle or porosity + local orientation

Bundle/porosity segmentation

Local orientation
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Full-field simulations for moderate-size model

e Lippman-Schwinger equation for thermo-elasticity

e lterative solverusing FFT
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Domain decomposition for larger models

e Decomposition of uCT into sub-volumes
o Computation of apparent properties of each sub-volume (in parallel)

e Effective properties using the coarse mesh
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Full-field vs.

Modulus [GPa]
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Comparison with experimental results

Elastic moduli @ 25 °C

(GPa) Ex Ey E: Gxy Gy: Gxz
EXp. 33 22 - 6 - -
Num. 32 21 14 7 4 5

Thermal expansion @ 1000 °C

(0/0) ex ey ez

Exp. 0.28 0.16 0.09

Num. 0.37 0.28 0.21



Modelling of a C/C with a non-
linear interface model

Ph.D. of Amandine RAUDE (2018)



Needle-punched C/C composite

e Ex-PAN C fiber and CVI pyC matrix

e Needle-punched UD plies (0°/+60°)

7 fibres
bundles

AN Z
%
0° direction

00

|“ 60° ‘“
—60°m

Nappe de fibres de carbone

Porosités et
endommagements initiaux

Aiguilletage
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Needle-punched C/C composite

e Lower fibre volume fraction within Z-bundles

e Need to distinguish Z-bundle (needling) from XY-bundle (UD plies)

XY-bundle Z-bundle

sz40%
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Introduction of non-linear interface models

Debris  pecohesion

-

Crack between plies Porosity

Ply
Debris
Roughness
Ply
Crack

e Need to explicitly define interfaces between
plies and with Z-bundles

Sliding shear stress T,

-.. —

Contact friction j Roughness friction S clion
29 j
Initial aperture Contact
Gap HEK, & stress ; loss
a ]
closed ! /
u,= dC u,= 0 u, = dO

Interface gap aperture u,

Normal stress O, Tangential strer O;

‘CS

A Normal displacement Tangential u
—=_, - P.: ¢] !

u, / displacement /
-< -< K

A. P. Gillard, G. Couégnat, S. Chupin, G. L. Vignoles, Modeling of the non-linear
mechanical and thermo-mechanical behavior of 3D carbon/carbon composites based
on internal interfaces, Carbon 154 (2019) 178-191. doi:10.1016/j.carbon.2019.07.101.
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Preliminary model

Manual labelling on a small volume (4 plies)

= Avizo S
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Preliminary model

Conforming tetrahedral mesh from labelled volume
Initial coarse volume mesh of the bounding box

Iterative Delaunay refinement with criterion on Hausdorff distance
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A side note on CGAL

e CGAL: Computational Geometry Algorithms Library

e C++library, many packages including multi-domain 3D meshing, tetrahedral remeshing, etc.

® ®® (G CGALSZ-Menue: Packege

>C 0
CGA_Version: latest v cgal.org

) Github - nsenlos/zygelmesh: - X +

#@ doc.cgal.org/latest/Manual/packages.htmi#Partheshing

Tutorials  Package Overview  Acknowledging CGAL

2o

CGAL 5.2 - Manual
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nerat

¥ Geometry Processing
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Visualizatan

» Develaper Manua
» Liconse
Acknawledging CLAL
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Mesh Generation
2D Conforming Triangulations and Meshes

Laurent Hineau
This package implements a Delaunay refinement algarithm to construct conforming
mangulations and 2D meshes. Confarming Delaunay triangulati are obtained from

constrained Delaunay triangulations by refising constrained edges until they are Delaunay
edges. Conforming Gabriel triangulations are obtained by further refining constrained edges
until they become Gabriel edges. The package provides also a D mesn generator that refines
wangles and constrained edges until user defined size and shape criteria on triangles are
satistied. The generated meshes can be optimized using the Licyd algorithm, alsc provided in
this package. The package can handle intersecting input constraints and set no restriction on
the ang'e formed by two constraints sharing an endpoint.

User Manual  Reference Manual

3D Surface Mesh Generation

Laurent Rineau and Mariette Yvinec

Tals package provides functions to generate surface meshes that interpolate smooth
surfaces. The meshing algoritam is base¢ on Delaunay refinement and provides some
Quarantees ¢n the resulting mesn: the user is able 1o control the size and shape of the mesh
elements and the accuracy of the surface approximation. There is no restriction on the
topology and number of compoenents of input surfaces. The surface mesh generator may also
be used for non smooth surfaces but without guarantee, Currently, imglementations are
provided for implicit surfaces described as the zerc level set of some function anc surfaces
described a3 & gray level set in a three dimensional image.

User Manual  Reference Manual

3D Skin Surface Meshing

Nico Knuithof

Introduced in: CGAL 3.1
Depends on: 7D Triangulation
BibTeX: cgal rctm2-208
License: GPL

Windows Demo: 20 Mesh
Generator

Common Demo Dils: clis

Introduced in: CGAL 3.2
Depends on: 2D Triangulatons
BibTeX: cgal ry-smg-20b
License: GNU GPL

Windows Demo: Surface Mesh
Generator
Common Demo Dils:

clis

Seneratec on Tue Dac Z2 2020 U343:55 for CHAL 5.2- Manwal by d@xgg

https://www.cgal.org/

®®® (G coaLs2-Manual Packaget X () GHUD - nscaloaipvgaimesh. . X =

€ C (Y & github.comnschloe/pygalmesh % bl @

pygalmesh

Create high-quality meshes with ease.

pypl M083 ] ansconda.or 0.6.3 | in repositories 1 pytnon 3.613.7 1361 2.8 | ©) sters 242 | downloods |#S6fmenth
build passing | coverage SIS code quality: python [A% | coce style black

pygalmesh is a Pythen frontend 1o CGAL's 2D and 3D mesh generation capatilities. cygalmesh makes it easy to
create high-quality 20, 3D volume meshes, periadic volume meshes, and surface meshes.

Examples

2D meshes

CGAL generates 2D meshes from linear contraints.

import numpy
mport pygalmesh

https://github.com/nschloe/pygalmesh
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FE mesh from manual labelling

e Plies (0°/+60°/-60°) + Z-bundles + porosity

e Insertion of interface elements

b

—

Interface elements between plies

Interface elements around Z-bundle
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Automatisation of the labelling process

o Create masks for each entity by thresholding the local direction

Aiguilletage Porosité / Pli Plis +60° Pli O° Pli -60°
Endommagement
Aiguilletage (Z)

3i a 0° (X) - Pli a60°

Pli & -60°

Aiguilletages

28



Local direction from structure tensor

Aiguilletage (2)

2li & 0° (X) ==& Plia60°

Pli a -60°
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Automatisation of the labelling process

e Masks for ply bundles (one for each direction)

Directions X Normalize Grayscale

5/:“")‘ At

Interactive Thresholding Remove Small Spots Closing

Not Remove Small Spots Not Fill Holes

=

=

=)

=
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Automatisation of the labelling process

e Fusion of all the masks + cleaning

Multiply + Add Connected Components

‘
%

Remove Islands +

Smooth Labels
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Automatisation of the labelling process

e Comparison with manual labelling

Manual labelling Automated labelling

32



Automatisation of the labelling process

e Comparison with manual labelling
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FE models from automated labelling

34



Prediction of the thermal expansion

e 5 large FE models extracted from different zones of the material

e Unilateral interface model with friction

e Predictions within the experimental variability (except at 500 °C because of unreliable data for
matrix CTE)
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High-fidelity FE mesoscale
models of woven CMC

Ph.D. of Vincent MAZARS (2018) & Jean BENEZECH (2019)



High-fidelity FE mesoscale models of woven CMC

e Yarns+ matrix
e Eachyarn must be labelled individually

e Correcttopology of the weaving pattern

T
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From idealised models...

e Geometric approach

G.Couégnat, Approche multiéchelle du comportement mécanique des matériaux composites a renfort tissé, These de doctorat, Université Bordeaux 1 (2008).
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From idealised models...

e “Mechanistic” approach

G. Couégnat & al., Towards realistic geometric modeling of woven fabrics, in Proceedings of ICCM19, Montréal (2013)

39


http://confsys.encs.concordia.ca/ICCM19/AllPapers/FinalVersion/COU80517.pdf

... to Image-based approaches

e Structure tensor

e Easyto separate weft from warp, but...

40



Limits of image-based approaches

... hard to separate yarns for one another without prior information

W. Huang, P. Causse, V. Brailovski, H. Hu, and F. Trochu,“Reconstruction of mesostructural material twin models of engineering textiles based on Micro-
CT Aided Geometric Modeling,” Composites Part A: Applied Science and Manufacturing, vol. 124, p. 105481, Sep 2019.

AAppfaer itdirnebagaque

Notion of yarns is indeed subjective

41



Limits of image-based approach

e Yarns need to be reconstructed a posteriori to retrieve continuity and correct topology

e Prescribed weaving pattern is not ensured...

\\\\s\.
[ — ~.
ol — U3
I e T
(a) (b) (c) L]

N

C. Chapoullié, J.-P. Da Costa, M. Cataldi, G. L. Vignoles, and C. Germain, “Orientation-guided two-scale approach for the segmentation and quantitative
description of woven bundles of fibers from three-dimensional tomographic images,” Journal of Electronic Imaging, vol. 24, p. 061113, Nov 2015
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Limits of image-based approach

e Practically, incorrect topology and very user-dependent

e

T
———
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Variational segmentation approach

e Combineimage-based approach with a priori geometric model

J. Bénézech, G. Couégnat, Variational segmentation of textile composite preforms from x-ray computed tomography, Composite Structures 230 (2019)
111496. d0i:10.1016/j.compstruct.2019.111496.
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Variational segmentation approach

e Underlying geometric model

e Eachyarnisdescribed by its centreline and some cross-sections

Yarn

Geometric model

Pn(Xn,¥Yn)

Polygonal representation

J. Bénézech, G. Couégnat, Variational segmentation of textile composite preforms from x-ray computed tomography, Composite Structures 230 (2019)
111496. d0i:10.1016/j.compstruct.2019.111496.
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Variational segmentation approach

Reconstruction of the global model after local iterations
Global iteration: J} Segment

Cross-section [

Sub-model

Separation of
entities for
optimization

. Voxelization of segments
that belong to
the bounding box

Yarn discretization
Local iteration:
Max (ELocaI)
Extraction of the

corresponding
volume

Max ( EGIobaI)

/7

Corresponding

sub-image ;—/l@

max £ = ak, + pE, — y(E, + E)

: Pi
Geometric "
parameters
Grayscale Local direction Regularisation term
similarity similarity
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Variational segmentation approach

e Convergence of the optimisation heuristic

E = aE+pE,~y(E,+E)

100 10
80 -8
Eq
= 60- Ed |6
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Comparison with manual segmentation

variational segmentation

%
R

-

ity e

SRR Ve S

manual segmentation
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Variational segmentation approach

e Image-based model with guaranteed topology

49



Mesh generation

Convert geometrical model to “virtual” 3D image
Easy to correct residual interpenetration or to add matrix

Quality conformal tetrahedral volume mesh

50



CMC digital twins

51



CMC digital twins
1 l 2 l
= ' 4 I



Damage simulation in L-shape woven junctions

L]
(Avg: 75%)
+0.500e-01
+8.70
+701
+7.12
+6.33

+7.917e-02
+0.000e+00

sDvV2
(Avg: 75%)
+0.500e-01

+6.333e-01
+5.542e-01
+4.760e-01

+0.000e+00

matrix

SDV1

(Avg: 75%)
+0.500e-01
+8.709e-01
+7.017e-01
+7.125e-01

+0.000e+00

weft
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Damage simulation in L-shape woven junctions
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Comparison with in situ tests

| i\ are
Detector system

Segmentation FE mesh

: ‘ Tensile device

V. Mazars, O. Caty, G. Couégnat, A. Bouterf, S. Roux, S. Denneulin, J. Pailhes, G. L. Vignoles, Damage investigation and modeling of 3d woven ceramic matrix
composites from x-ray tomography in-situ tensile tests, Acta Materialia 140 (2017) 130-139. do0i:10.1016/j.actamat.2017.08.034.

V. Mazars, G. Couégnat, O. Caty, S. Denneulin, G. Vignoles, Multi-scale damage modeling of 3D ceramic matrix composites from in-situ X-ray tensile tests, in:
ECCM18, Athens, Greece, 2018, pp. 24 - 28.
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Comparison with in situ tests

Observed cracks Simulated cracks

Detector system

\

l Tensile device

V. Mazars, O. Caty, G. Couégnat, A. Bouterf, S. Roux, S. Denneulin, J. Pailhes, G. L. Vignoles, Damage investigation and modeling of 3d woven ceramic matrix
composites from x-ray tomography in-situ tensile tests, Acta Materialia 140 (2017) 130-139. do0i:10.1016/j.actamat.2017.08.034.

V. Mazars, G. Couégnat, O. Caty, S. Denneulin, G. Vignoles, Multi-scale damage modeling of 3D ceramic matrix composites from in-situ X-ray tensile tests, in:
ECCM18, Athens, Greece, 2018, pp. 24 - 28.
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Conclusion



Conclusion

e Need for high-fidelity models of complex textile preforms

e Extensive use of structure tensor to detect local fibre direction
e Models with incremental complexity/level of description

e Generation of conforming tetrahedral meshes

e CMCdigital twins for multiscale damage simulations

58



Questions?

Guillaume COUEGNAT

couegnat@lcts.u-bordeaux. fr



Appendices



Variational segmentation approach
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Variational segmentation approach
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Variational segmentation approach
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Variational segmentation approach
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Variational segmentation approach
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Variational segmentation approach
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Multiscale damage modelling framework

e Virtual tests at micro-scale
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Multiscale damage modelling framework

e Stochastic micro-meso bridge

Virtual tests database
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Multiscale damage modelling framework
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