
Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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C/C Composites : applications 

Rocket nozzles Aeroplane brake discs 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Thermal Protection 

Systems (TPS) 

Atmospheric reentry 

Huygens mission 

C/C Composites : applications 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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C/C Composites : applications 

Tokamak plasma-facing components 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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3D stitched C/C (« 2.5D ») :  

a complex architecture 

Woven fabrics 

Felts (non-woven) 

Stitching or needling 

Complex fiber architecture 

2.5D C/C  

composite  

sample 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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29/06/2015 7 

Fibers, matrices, interfaces 

Macropores 

300 nm 
 

Organized domains 

Sheet orientation  

distribution 

Texture is 

present at all 

scales ! 

Multi-scale organization of dense carbons 

Inter- and  

intra-sheet defects 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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3D stitched (“2.5D”) C/C composites: 

multiscale materials 

1   m 10   m 100   m 1  mm 1  cm 1  dm 1  m 10  m 

pores 

fiber deposit 

Composite 

structural elements  
process 

REV 

composite 

Components, parts 

0.1 µm 10 nm 1 nm 1 Ǻ 

Solid-state organization 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Motivations 

 C/C : excellent structural & thermal properties at high T  

 

 Very important criteria : stiffness, resistance, thermal expansion, heat 

conduction, … 

 

 Thermomechanical behavior depends strongly on structure at all scales … 

 

 A « difficult » architecture :  

◦ Pyrocarbon nanotexture : versatile and multi-scale organization 

◦ « 2.5D » stitched fabrics: very complex geometry 

 

 High production costs  motivates numerical modeling 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Outline 

 Nanoscale : Pyrocarbon nanotexture modeling from 

HRTEM images  

 

 

 Micro-scale : C/C thermoelasticity modeling from 

micrographs 

 

 

 Macro-scale : C/C thermoelasticity modeling from 

X-ray CT scans 

 

 

Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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PYROCARBON 

MATRICES 

NANOTEXTURE 

Part I - 

Atomistic modelling : structure-property relationships 
Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Pyrocarbons nanotexture & structure 
At least 3 different PyCs, depending on processing conditions 

Rough Laminar Smooth Laminar Regenerative Laminar 

High anisotropy - long 

ranged straight fringes 

Low anisotropy - long 

ranged curved fringes 

High anisotropy - short 

ranged straight fringes 

Can we build some atomistic models from experimental 

characterizations ? 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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13 

 1)(4)( 0  rgrrG 

Atomistic reconstruction from experiments 

Jain, Langmuir 2006 

(Hybrid) Reverse Monte Carlo 

(RMC) 

g(r) =
1

r0N
d r - rij( )

j¹i
å

i=1

N

å

Reconstruction by fitting the Pair Distribution 

Function (PDF) 

or 

obtained from neutron or X-ray diffraction 

 

 

 

Works for isotropic & disordered systems 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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14 

Atomistic reconstruction from experiments 

H(R)MC is irrelevant when 

systems contain local order 

and mesoscopic scale disorder 

Relevant info lies in 

HRTEM images 

Petkov Phil. Mag. B 1999 

29/06/2015 Vignoles et al. -- Ter@tec 2015 



Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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15 

Reconstruction from HRTEM : The IGAR method 

(1) Statistical analysis of HRTEM images & Synthesis of 3D HRTEM-like images 

Leyssale et al. , App. Phys. Lett. 95 (2009) 231912 

(2) Simulated annealing under image field 

(3) HRTEM image simulation 

B C11 

  

(1) (2) 

(3) 

(4) 

(5) 

(4) Comparison 

Exp/Sim 

(5) Calculation of properties 

J.M. LEYSSALE, J.-P. DA COSTA, C. GERMAIN, P. WEISBECKER and G. L. VIGNOLES, Carbon (2012), 50, 4388–4400. 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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16 

IGAR : Image Guided Atomistic Reconstruction 

J.M. LEYSSALE, J.-P. DA COSTA, C. GERMAIN, P. WEISBECKER and G. L. VIGNOLES, Carbon (2012), 50, 4388–4400. 
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d002 = 3.5 Å 

Images are filled with carbon atoms 

with 

Molecular Dynamics quenching   

with empirical reactive potential 

and an external force field imposed by the 

3D image :  



Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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IGAR in a single movie … 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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HPC effort for IGAR simulations 

Code optimization 
 - Implementation of Verlet neighbours lists  

for the computation of potentials 

 - Space partitioning for lists updates 

 

Parallelization 
 - Using OpenMP 

 - Avoiding « reductions » 

 - Speedup almost linear until 70 CPUs 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).

22

Two distinct Highly Textured pyrocarbons 

a) RL-PyC b) ReL-PyC 
OA=25-30° 

 

002 

10 

OA=22-25° 

Sam

ple 

PLOM 

Ext. 

angle 

Ae (°) 

Raman 

Aniso. 

ratio 

RA 

Raman 

FWHM 

of D 

band 

(cm-1) 

SAED 

Angular 

Opening 

AO (°) 

XRD 

d002 (A) 

XRD  

La, Lc 

(nm) 

Density  

d  

(g/cm3) 

SIMS-

ERDA 

H at.% 

RL 
25° 8.2 83 22-25° 3.45 4.6 ; 5.2 2.12 0.7 

ReL 
20° 7.2 204 25-30° 3.49 2.6; 2.9 2.11 2.5 

P. WEISBECKER, J.-M. LEYSSALE, H. E. FISCHER, V. HONKIMAKI, M. LALANNE, G. L. VIGNOLES, Carbon (2012), 50, 1563–1573 29/06/2015 Vignoles et al. -- Ter@tec 2015 19 



Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Large models (>200 000 at.) 

Figure 1: Snapshots of large (≈ 200000 atoms) atomist ic models of as-prepared RL (a,c)

and ReL (b,d) PyCs. (a-b): 2 nm vert ical slabs; (c-d): 0.35 nm horizontal slabs. Bonds

in purely hexagonal fragments are displayed in white, other bonds in black. Twofold

carbons, fourfold carbons and hydrogen atoms are respect ively displayed as blue, red and

green spheres.

21

Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).

22

RL 

ReL 
20 

B. Farbos, et al., Carbon (2015) 84, 160-173 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Figure 1: Snapshots of large (≈ 200000 atoms) atomist ic models of as-prepared RL (a,c)

and ReL (b,d) PyCs. (a-b): 2 nm vert ical slabs; (c-d): 0.35 nm horizontal slabs. Bonds

in purely hexagonal fragments are displayed in white, other bonds in black. Twofold

carbons, fourfold carbons and hydrogen atoms are respect ively displayed as blue, red and

green spheres.
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Lc 

La 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Figure 1: Snapshots of large (≈ 200000 atoms) atomist ic models of as-prepared RL (a,c)

and ReL (b,d) PyCs. (a-b): 2 nm vert ical slabs; (c-d): 0.35 nm horizontal slabs. Bonds

in purely hexagonal fragments are displayed in white, other bonds in black. Twofold

carbons, fourfold carbons and hydrogen atoms are respect ively displayed as blue, red and

green spheres.
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Figure 1: Snapshots of large (≈ 200000 atoms) atomist ic models of as-prepared RL (a,c)

and ReL (b,d) PyCs. (a-b): 2 nm vert ical slabs; (c-d): 0.35 nm horizontal slabs. Bonds

in purely hexagonal fragments are displayed in white, other bonds in black. Twofold

carbons, fourfold carbons and hydrogen atoms are respect ively displayed as blue, red and

green spheres.
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Lc 

La 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Figure 1: Snapshots of large (≈ 200000 atoms) atomist ic models of as-prepared RL (a,c)

and ReL (b,d) PyCs. (a-b): 2 nm vert ical slabs; (c-d): 0.35 nm horizontal slabs. Bonds

in purely hexagonal fragments are displayed in white, other bonds in black. Twofold

carbons, fourfold carbons and hydrogen atoms are respect ively displayed as blue, red and

green spheres.
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Structural properties: PDFs r2G(r)  

Figure 6: same as Figure 5 for r 2G(r ) funct ions.

34

Figure 6: same as Figure 5 for r 2G(r ) funct ions.

34

Figure 6: same as Figure 5 for r 2G(r ) funct ions.

34

Exptl. 

Small models (6.23 nm3) 

Large models (12.43 nm3) 

RL 

ReL 

P. WEISBECKER, J.-M. LEYSSALE, H. E. FISCHER, V. HONKIMAKI, M. LALANNE, G. L. VIGNOLES, Carbon (2012), 50, 1563–1573 



Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Uniaxial tensile test of a ReL PyC 

X 

Y 

Z 

Uniaxial tensile test simulation 

HMC N(xx)(yy=0)(zz=0)T 

xx 

yy=0 

zz=0 

J.-M. LEYSSALE, B. FARBOS, J.-P. DA COSTA, P. WEISBECKER, G. CHOLLON, G. L. VIGNOLES, Ceram. Trans. 248, 42-50 (2014) 



Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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ReL : Young modulus computation 
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Exp. :  

200 GPa (ReL)  

Figure 1: Snapshots of large (≈ 200000 atoms) atomist ic models of as-prepared RL (a,c)

and ReL (b,d) PyCs. (a-b): 2 nm vert ical slabs; (c-d): 0.35 nm horizontal slabs. Bonds

in purely hexagonal fragments are displayed in white, other bonds in black. Twofold

carbons, fourfold carbons and hydrogen atoms are respect ively displayed as blue, red and

green spheres.
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Exp. by nanoindentation 

30-50 GPa (ReL)  

29/06/2015 



Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Conclusion – Part I 

 IGAR method : OK for HT pyrocarbons 

 Models are > 200 000 atoms: realistic but …  

  should be larger (for tensile tests) 

 Stiffness : interplane compression related to 

 nano-indentation values 

 Also compute heat transfer and heat expansion ? 

 How to move to larger, less anisotropic models ? 

SL pyC 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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IMAGE-BASED THERMAL 

EXPANSION MODELING OF 

C/C COMPOSITES 

Part II - 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Aim & method 

 From the detailed knowledge of the spatial arrangement of the 

constituents and of their elementary properties, obtain the 

effective thermomechanical behavior 

 

 Utilization of X-ray µCT for structural description 

 

 Image processing + FE computation 

 

 Checking wrt. TMA tests 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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PLOM image analysis 

Segmentation 

of pores 

 

Identification 

of fiber centers 

 

Fiber segmentation 

 

 Full F/M/P  

segmentation 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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PLOM image analysis 
8 

Matrix 

orientation 

field  

determination 

in GenCell* 

software 

* G. COUEGNAT (2008). Approche multiéchelle du comportement 

mécanique de matériaux composites à renforts tissé. PhD Université 

Bordeaux I. 29/06/2015 Vignoles et al. -- Ter@tec 2015 



Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Boundary conditions for FEM analysis 

33 

* DH Pahr & PK Zysset (2008). Influence of boundary conditions on computed 

apparent elastic properties of cancellous bone. Biomech Model Mechanobiol , 7:463-

476. 

Periodic Mixed Uniform Boundary Conditions (Pahr & Zysset*):  

 - Satisfy Hill’s lemma 

 - Respect material anisotropy 

 - Give less « boundary mismatch artifacts » than Periodic BCs 

tx = 0, uy = 0

ux = -lx/2

ty = 0

tx = 0, uy = 0

ux = lx/2

ty = 0

ux = ly/2, ty = 0

tx = 0

uy = -lx/2

tx = 0

uy = lx/2

ux = -ly/2, ty = 0

tx = 0, uy = ly/2

ux = 0

ty = 0

ux = 0

ty = 0

tx = 0, uy = -ly/2

<Exx> <Eyy> <Exy> 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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FEM analysis 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Tensile along X 

FEM analysis 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Tensile along Y 

FEM analysis 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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9 

XY shear 

FEM analysis 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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9 

Heat expansion 

FEM analysis 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Micro-scale results 

39 

Elastic constants scale with the fiber volume amount 

y	=	174511x	+	23516	
R²	=	0,99715	

0	

20000	

40000	

60000	

80000	

100000	

120000	

140000	

15%	 20%	 25%	 30%	 35%	 40%	 45%	 50%	

Normal		Young	
modulus	(MPa)	

Fiber	volume	amount	(%)	

29/06/2015 Vignoles et al. -- Ter@tec 2015 



Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Micro-scale results 

40 

CTE scales with the fiber volume amount  

… except close to bundle edges ! 

y	=	6E-07x	+	8E-06	
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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41 

X-ray µ-CT 
Mesh 

+  

Local  

properties 
Orientations 

Density 

FE analysis 

Macro model 

O. CATY, G. COUÉGNAT, M. CHARRON, T. AGULHON, G. L. 

VIGNOLES, Ceram. Trans.. 248, 36-41 (2014) 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).

22

Grayscale/composition relationship 

42 

Study of the composition on detailed images 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Fiber direction detection 
Based on Hessian 

matrix  2I 
or on structure 

tensor tI.I 

eigenvectors with 

lowest eigenvalues 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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44 

Composite density Fiber & Matrix densities 

Fiber vol. fraction Matrix vol. fraction 

Transfer function: rel. Density = f(Grey level) 

Fiber, matrix vol. fraction + orientation + … 

Young Modulus (L,T) 

Poisson Coefficient (LT) 

CTE (L,T) 

Shear Modulus (TT) 

Fiber & Matrix data  

Compliance & CTE  

of equivalent UD 

composite 

in a macro-voxel 

Macro model input data 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Large-scale results 

45 

Properties set from: 

Tsukrov I., Drach B., Gross T., 2012. 

Int. J. Eng. Sci 58, 129–143. 

 Do not depend on temperature ! 

Vert. Displ. (µm) 

~ 107 dof 

CPU times: Assembly : 1 hr…, 

Matrix solution: 10 min. 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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46 

0 
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- yy,max 

YY Strain & 

comparison 

with GL 

O. CATY, G. COUÉGNAT, M. CHARRON, T. AGULHON, G. L. 

VIGNOLES, Ceram. Trans.. 248, 36-41 (2014) 

Macro model results 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).

22

47 

Strain histogram 

Mode 
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Effective « macro » value 

Zero 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).

22

Part II - Discussion 

48 

 Local study on PLOM images 

◦ Computation of effective properties 

◦ Watch out ! Gradient-containing images … 

 Properties correlate well with fiber vol. fraction 

◦ … except when gradients are present (bundle edges) 

 Macroscale study on X-ray CT 3D blocks 

 Captures well the effect of material structure on CTE 

 Depends on the input values for the constituents 

 Comparison w.r.t. TMA : satisfactory 

◦ But input properties still only come from literature … 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).

22

 Input data values : still an open question 

◦ Local characterization is ongoing 

◦ Get input values from atomistic modelling … 

 

 

 Gradient-containing subimages : how to deal ? 

 

 

  
 
 

 

 

 Insert damage mechanics 

 

 Another step toward « realistic virtual » materials … 
49 

Part II - Outlook 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).

22

 Image-based modeling : a versatile tool 

◦ Image-Guided Atomistic Reconstruction 

◦ Image-to-FE mesh procedures 

 Able to deal with « realistic » media 

◦ Involves constrained image generation 

◦ Anisotropy has to be handled 

 Gives insight into structure-properties relationships 

 Developed tools may apply to other materials …  

   either real or virtual. 

50 

Conclusion 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Thank you for your attention 

 

Any question ? 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Generation of 3D HRTEM-like images - 1 

 
AP 

1) Image Filtering 

Application of radial and directional band-

pass filter 

 removes low frequency (background 

gradients) and high frequency (noise) artifacts 

 
AP 

 
HT 

 
HT 

2) Image Analysis 

Pyramidal decomposition + calculation of 1st 

order (mean, variance, skewness, kurtosis) and 

2nd order (autocorrelation) statistics 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).

22

3) 3D Image synthesis 

1) 3D extension of the 2D pyramidal statistics under an orthotropy hypothesis 

2) Iterative refinement of an initially random 3D image to satisfy the 3D statistics 

AP HT 

Generation of 3D HRTEM-like images - 2 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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55 

IGAR : Image Guided Atomistic Reconstruction 

AP HT 

J.M. LEYSSALE, J.-P. DA COSTA, C. GERMAIN, P. WEISBECKER and G. L. VIGNOLES, Carbon (2012), 50, 4388–4400. 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Some past studies:3D 

56 

 U. Sydney 

◦ Micromechanics models for mechanical and thermomechanical properties of 3D 

through-the-thickness angle interlock woven composites 

 P. Tan, L.Tong, G.P. Steven, Composites Part A 30(5) 637–648 (1999) 

 

 CEA+INSA Lyon+ENSMA Poitiers 

◦ Macroscale model for 3D C/C mechanical behavior 

 C. Tallaron, S. Barre. Adv. Comp. Lett. 8(5) 239-247 (1999) 

 L. Flacelière, C. Tallaron, Proc. Matériaux 2006 (France) 

 

 

MATERIAUX 2006 13-17 Novembre 2006 – Dijon, France 

 
 
Description du matériau 
 

Le composite carbone-carbone étudié est formé de fibres de carbone ex-Polyacrylonitrile haut 
module (ex PAN HM) et d’une matrice de carbone ex-brai graphitée. Comme le montre la figure 1-a, 
l’architecture fibreuse est tridirectionnelle. La sollicitation de traction est appliquée suivant l’axe Z qui est un 
axe singulier. 

 
 On constate sur la figure 1-b que les torons de fibres suivant Z sont régulièrement désolidarisés des 
octets et des torons voisins après fabrication. La décohésion des torons selon X et Y n’est pas régulière le 
long de leur périphérie, deux côtés du toron restant généralement accrochés aux fibres ou à la matrice 
adjacente (figure 1-c). Les torons possèdent un taux de fibres proche de 65% ce qui explique le 
resserrement de celles-ci et l'existence d'une faible quantité de matrice. 
 
 Il existe deux types d'interfaces, l'interface fibre/matrice à l'intérieur des torons et l'interface entre les 
constituants, torons et octets. Le refroidissement après élaboration a donc généré des contraintes 
thermiques résiduelles provoquant des fissures aux interfaces. En effet, celles-ci sont le siège 
d'incompatibilités de déformation entre les constituants, dues à la différence de leurs coefficients de 
dilatation thermique. Par exemple, c'est le cas dans le plan (X, Y) entre les torons en Z et leur voisinage (Fig. 
1-b). 
 

 a)

 z

x

y

  

Toron de fibres 
en Z : 
Matrice + fibres 

Octet de matrice 

 
 
 
 
 
 
 

 b)  c)  

Octet de 
matrice 

X

Toron de fibres en Z

Toron  
de fibres en Y 

Octet 
de 
matrice

Toron de fibres en Y 
YY

Toron  
de fibres 
en X 

Z 
 

 
Figure 1 : Le composite 3D C/C. 

 
 

 

MATERIAUX 2006 13-17 Novembre 2006 – Dijon, France 

 

 

Confrontation d’une prédiction aux résultats expérimentaux 
 
 Comme annoncé, parmi les données expérimentales disponibles pour le matériau testé, nous 
n’avons utilisé pour l’identification que des résultats liés à des sollicitations simples (traction, compression et 
torsion). Dès lors, suivant la culture propre à cette classe de matériau, et les moyens expérimentaux à 
disposition, les essais de cission pure sans gradient (test de Iosipescu) et les essais de compression sur 
fibre orientée à 45° de l’axe sont les seules à l’heure actuelle à disposition, et non utilisés pour la phase 
d’identification. 
 
 Ces résultats expérimentaux sont rapportés sur la courbe suivante, exprimant la contrainte locale de 
cisaillement en fonction de la déformation de cisaillement. Une simulation numérique, incluant le cycle de 
décharge/recharge effectué lors de l’essai de compression à 45°, a été effectuée. Il est a remarqué que les 
valeurs de distorsion obtenues lors de ces essais sont très supérieures à celle illustré sur la figure 5, pour un 
essai classique de torsion cyclé. Ce point constitue donc également un élément de confrontation du modèle 
par rapport à ce qui a été fait précédemment, y compris lors de l’identification. 
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Figure 6 : Confrontation entre courbes expérimentales et simulation  
pour des sollicitations de cisaillement pur ou combiné du 3D C/C. 

 
 
 La Figure 6 montre que les résultats issus de la modélisation sont en très bon accord avec ceux 
issus de l’essai de Iosipescu. En particulier, l’effet de saturation du niveau local des contraintes est très 
correctement prédit, aussi bien en terme de progressivité que de niveau. Cela est la conséquence de l’usage 
des outils de l’inélasticité et de l’endommagement, aptes à rendre compte de l’évolution des propriétés du 
matériau. Pour l’essai de compression à 45° dans le plan XY, la corrélation avec la même prédiction est 
moins bonne. Cela est en grande partie dû à la difficulté d’estimer correctement les niveaux de contrainte 
locale de cisaillement au sein du matériau composite étudié. Que ce soit par les effets de bords liés à la 
faible taille des éprouvettes testées par rapport aux dimensions du V.E., ou bien due la complexité des 
transferts d’effort au sein de ce matériau, les effets ne manquent pour altérer la qualité de l’interprétation 
expérimentale de cet essai basé finalement sur une sollicitation « multiaxiale » du point de vue des fibres. 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Structure-property relationship: former work 

57 

 KIT 

◦ Pyrocarbons at nanoscale 

◦ TEM LF imaging  2D image processing  statistics  upper & lower 

bounds estimates of CTE & elasticity 

 Böhlke, T., Langhoff, T.-A., Lin, S. and Gross, T. (2013), ZAMM 93, 313–328.  

 Böhlke,T., Lin, S., Piat, R., Heizmann, M., Tsukrov, I. (2010) PAMM 10, 

        281-282. 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Fringe Orientation Correlation : 

model vs. experiment 

envelope described in Ref. 19). Comparing the r 2G(r ) peak intensit ies of

the different carbons suggests, once again, that the RL peak has a structure

lying between those of the ReL1300 and ReL1500. This is clearly supported

by a figure in the SI document showing superimposed experimental r 2G(r )

of RL, ReL1500 and ReL1700 PyCs.

3.4. High resolution TEM analysis

Figure 7: Comparison of experimental (a,b) HRTEM images to those simulated from

the large models (c,d). RL (a: experimental; c: simulat ion); ReL (b: experimental; d:

simulat ion); insets: isocurves (from 1 (orange) to 6◦ (blue)) in polar coordinates (r,θ) of

the difference in local orientat ion (φ) between two pixels distant by r (from 0 to 0.8 nm

as indicated by concent ric circles).

The atomist ic models presented in this work were built using stat ist ical

35

Excellent agreement in the 

horizontal direction 

 

Order along 002 underestimated by 

models 

60 

RL 
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r  
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2 

Maps of =f (r,) 
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Figure 2: 3.2 × 1.6 × 1.6 nm3 chunks of the large RL (a) and ReL (b) PyC models (same

color code as Figure 1).
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Some past studies: stitched 3D 

61 

 LCTS:  

◦ 3D stitched C/C mechanical behavior : elasticity+ damage 
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◦ CT-scans  image processing  FEM on parts of material + analytical mixing 

rules 

 Stasiuk, G., Piat, R., Deshpande, V. V., Mahajan, P., Ceram. Eng. Sci. Procs 34(10), 

213-220 (2013)  

 Drach, B., Tsukrov, I., Gross, T., Dietrich, S., Weidenmann, K., Piat, R., Böhlke, T., IJSS 

48(18), 2447-2457 (2011) 
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