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Ceramic Matrix Composites for aircraft engines

• 3D-woven SiC/SiC CMCs
• high stiffness

• stable mechanical properties wrt 
temperature

→ Hot parts
• increase operating temperature
• 1300°C → 1500°C
• increase efficiency

• complex mesostructure
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LEAP engine (CFM)
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Ceramic Matrix Composites for aircraft engines
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• Thermal loading + geometry → complex thermo-mechanical loading 
• Influence of the meso-structure of CMCs?

[Chung, 2017]
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Influence of the meso-structure?

Morphology of SiC/SiC CMCs
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Meso-scale model
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Simulated weaving
from shaping of the woven pattern

Textile descriptor
neutral fibre and section

Binarised tomography

3D image of the weaving

3D image of the mesostructure

+
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Meso-scale model
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• Thermo-elastic phases
• properties vary linearly with temperature
• initial estimation from the literature

• Matrix
• homogeneous, isotropic
• 𝐸, 𝜈, 𝑘

• Tows
• homogeneous, transverse isotropic
• 𝐸!!, 𝐸"", 𝜈!", 𝜈"# , 𝐺!", 𝐺"#, 𝑘!! = 𝑘"" = 𝑘

• Voids
• isotropic with a very low Young Modulus 

3D image of the mesostructure
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Local homogenisation strategy [Bénézech, PhD Th. 2019]
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𝑋 𝑌

𝑍

Macroscale mesh
superimposed on the mesostructure

Conformal mesoscale mesh

Macroscale mesh Fields of material properties
from local homogenisation
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Linking experiments and models

8

• Models
• digital twin
→ fine description of the behaviour 

How to confront models to experiments?

→ Development of identification procedures
• experiment
• instrumentation (full-field measurement)
• identification itself
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In-situ thermomechanical experiment
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Sample 

Infra-red 
camera

Scintillator

Rotating 
frame

• HT corner bending test
•
•
• stepwise mechanical loading
• full-field measurement
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rT ' 200�C.cm�1

Clamping 
jaw

Punch

Sample
Resistor

[Turpin, J. Synchrotron Rad., 2022]2 cm

𝜵𝑻
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Multi-modal full-field measurement
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Test

Integrated
DVC

Force

Sinogram Tomogram

Reconstruction

[Turpin, Fundamenta Infomaticae, 2019]

Thermogram Temperature 
field

Re-projection

[Turpin, Meas. Sc. Technol. 2021]
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Measurement 
procedure Identification

Volumes
Kinematic 

measurement

Model 
parameters

Measurement 
procedure Identification

Volumes
Kinematic 

measurement

Model 
parameters

Integrated 
measurement process

Identification
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Model

<latexit sha1_base64="DrbjkjIKjpFiIoGOARk50ZVJ0bY="></latexit>

{E,G, ⌫, ...}
{pBC, pinit., ...}
{pgeom.}
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{✏,�, T, ...}

In-situ test followed by tomography
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Deformed image 𝑔

Digital Image/Volume Correlation (DIC/DVC)
• Global DIC [Hild & Roux, 2006]

• displacement field 𝒖 minimising of the residual, 𝜌

• 𝒖 is expressed on an FE basis, 𝜑

• Gauss-Newton algorithm
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Reference image 𝑓
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u(x) = ai'i(x)
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⇢(x) = f(x)� g(x+ u(x))
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u = argmin

Z

ROI

⇢2dx
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[M ]{da} = {b}
<latexit sha1_base64="QmfPrDV9OeCxwiIN7HTBmroKbvw="></latexit>8
><

>:

[M ] =

Z
'trf trf' dx

{b} =

Z
'trf t⇢ dx
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Integrated-DIC/DVC
• Global DIC

• Integrated-DIC [Leclerc, 2009]

• 𝒖 is expressed on any relevant basis, 𝜓

• using sensitivity fields, [𝑆]
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[M ]{da} = {b}

<latexit sha1_base64="QmfPrDV9OeCxwiIN7HTBmroKbvw="></latexit>8
><

>:

[M ] =

Z
'trf trf' dx

{b} =

Z
'trf t⇢ dx

<latexit sha1_base64="/tpveQ54Y1UNMK+YD2rdS0BBULk="></latexit>8
><

>:

[H] =

Z
 
trf

trf dx

{c} =

Z
 
trf

t
⇢ dx
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[H]{dp} = {c}

<latexit sha1_base64="Neja955/p44jXvChpc5bUMYKDuM="></latexit>⇢
[H] = [S]t[M ][S]
{c} = [S]t{b}

<latexit sha1_base64="4zttSHdE8YPJzYu/rIPAgZrHHf0=">AAACMHicbZDNSsNAFIUn9T/+RV26GSyCq5IUsW6EghuXilYFU8JkemOHTn6YuRFLyKP4Er6CW93rSnTpUzipBbV6YOBw7r2c4QszKTS67otVm5qemZ2bX7AXl5ZXVp219XOd5opDh6cyVZch0yBFAh0UKOEyU8DiUMJFODis5hc3oLRIkzMcZtCN2XUiIsEZmihwWvZpIOgB9SPFeOFnTKFgkrLy2/sItzhqKhT0yiILRFkGTt1tuCPRv8YbmzoZ6zhw3v1eyvMYEuSSaX3luRl2i6qDSyhtP9eQMT5g13BlbMJi0N1iVFvSbZP0aJQq8xKko/TnRcFirYdxaDZjhn09OavCf2dhPNGM0X63EEmWIyT8qzjKJcWUVvRoTyjgKIfGMK6E+TvlfWbQoWFsGyjeJIK/5rzZ8PYa3sluvd0c45knm2SL7BCPtEibHJFj0iGc3JEH8kierHvr2Xq13r5Wa9b4ZoP8kvXxCYp5qs0=</latexit>

Si =
@a

@pi
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Integrated-DVC
• Weak thermomechanical coupling

• measured temperature field is used as boundary conditions

• Coupling displacements and force

• identification of normalised parameters

• contributions weighted by their resp. uncertainty (𝜎! and 𝜎") 
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p̃i = N (pi)
<latexit sha1_base64="ZA5b8BB4LX6RhuhgDbJlCYFjqXs=">AAACH3icbZDPSgMxEMaz/q31X9Wjl2BRPJVdKepFKEjBYwWrhW4p2XRWg0l2SWbFsuwb+BK+gle9exOvXn0S09qDVj8IfHwzw0x+USqFRd//8GZm5+YXFktL5eWV1bX1ysbmpU0yw6HNE5mYTsQsSKGhjQIldFIDTEUSrqLb01H96g6MFYm+wGEKPcWutYgFZ+iifmWvHKKQA8ibBT2hYWwYdzZv9vMQ4R5znahaURT9StWv+WPRvyaYmCqZqNWvfIaDhGcKNHLJrO0Gfoq9nBkUXEJRDjMLKeO37Bq6zmqmwPby8X8KuuuSAY0T455GOk5/TuRMWTtUketUDG/sdG0U/luL1NRmjI97udBphqD59+I4kxQTOoJFB8IARzl0hnEj3O2U3zDHCB3SsoMSTCP4ay4PasFhLTivVxv1CZ4S2SY7ZJ8E5Ig0yBlpkTbh5IE8kWfy4j16r96b9/7dOuNNZrbIL3kfXytto1E=</latexit>

Ẽ =
E

Enom.

<latexit sha1_base64="V/5Ajrb8E+SIrwtkG5/EhbR//Dw=">AAACC3icbVDLSsNAFJ3UV42vWJduBovgqiRS1I1QcOOygn1AG8pkctMOnUzCzEQsoZ/gL7jVvTtx60e49Uuctllo64HLPZxzL/dygpQzpV33yyqtrW9sbpW37Z3dvf0D57DSVkkmKbRowhPZDYgCzgS0NNMcuqkEEgccOsH4ZuZ3HkAqloh7PUnBj8lQsIhRoo00cCp2XzMeQt4X2RRfY9MGTtWtuXPgVeIVpIoKNAfOdz9MaBaD0JQTpXqem2o/J1IzymFq9zMFKaFjMoSeoYLEoPx8/vsUnxolxFEiTQmN5+rvjZzESk3iwEzGRI/UsjcT//WCeOmyjq78nIk00yDo4nCUcawTPAsGh0wC1XxiCKGSmd8xHRFJqDbx2SYUbzmCVdI+r3kXNe+uXm3Ui3jK6BidoDPkoUvUQLeoiVqIokf0jF7Qq/VkvVnv1sditGQVO0foD6zPH6XUmmg=</latexit>

⌫̃ = ⌫
<latexit sha1_base64="ClOeavShMZq2Z+D6J/zIdHEShBE="></latexit>

k̃ =
�T `

uref.
k
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HT corner bending test 
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HT corner bending test 

𝑇 (°C)
270 550

Step (a) Step (b) Step (d) Step (e)

𝑋
𝑌

𝑍

Measured temperature field 

9.7x10-2 1.1x10-1
𝑈# (mm)

8.0x10-2-1.8x10-2 -1.8x10-1 2.8x10-2 -2.4x10-1 1.6x10-2

“Measured” displacement field 
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HT corner bending test – Model validation 

Residual field (loading step b) 

using initial parameters, 𝜌 = 5.6x10! using identified parameters, 𝜌 = 5.0x10!

𝑍

𝑌

𝑍

𝑌𝑋 𝑋

−𝑋

𝑌

−𝑋

𝑌
-3

3

0

<latexit sha1_base64="OlLW/OAp04Ze1m4sWm+bU1OSv18=">AAACJXicbZDLSgMxFIYz9VbrbdSlm2ARWtQyU0TdCAU3LivYC3SGkkkzbTDJDElGLKUv4Uv4Cm51704EV4JPYqYdQVsPhHz8/zmc5A9iRpV2nA8rt7C4tLySXy2srW9sbtnbO00VJRKTBo5YJNsBUoRRQRqaakbasSSIB4y0gtvL1G/dEaloJG70MCY+R31BQ4qRNlLXPvLkICp5AYf3ZXgBwx88hv0pwkOY3kkpLpe7dtGpOJOC8+BmUARZ1bv2l9eLcMKJ0JghpTquE2t/hKSmmJFxwUsUiRG+RX3SMSgQJ8ofTX41hgdG6cEwkuYIDSfq74kR4koNeWA6OdIDNeul4r9ewGc26/DcH1ERJ5oIPF0cJgzqCKaRwR6VBGs2NICwpObtEA+QRFibYAsmFHc2gnloVivuacW9PinWqlk8ebAH9kEJuOAM1MAVqIMGwOABPIFn8GI9Wq/Wm/U+bc1Z2cwu+FPW5zfySKGD</latexit>

⇢(x) = f(x)� g(x+ u(p))
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• Set of paramaters
• 9 mesoscale constituant parameters
• 2 temperatures

• Most of them are identified with a good uncertainty
•
•
•

• Some have greater uncertainty
•
•
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HT corner bending test – Identification of material parameters 

<latexit sha1_base64="wjWCaYxWvpspYedKY00f15ZFkxc="></latexit>

k(Tamb) = 4.16.10�6 ± 1.10�8 K�1

<latexit sha1_base64="sjix2Xm+sqRoas59iB1llhN71IQ=">AAACFnicbVDLSgMxFM3UV62vUZdugqVQQctMLepGKIjoskJf0ClDmqZtaOZBckcsw3yFG3/FjQtF3Io7/8b0sdDWC4HDOTncc08nFFyBZX0bqaXlldW19HpmY3Nre8fc3aurIJKU1WggAtnsEMUE91kNOAjWDCUjXkewRmd4NdYb90wqHvhVGIWs7ZG+z3ucEtCUa55cu16+6sYOsAeItS9JjvAlPrVK2Ak9XMTO8VS6qZAk45pZq2BNBi8CewayaDYV1/xyugGNPOYDFUSplm2F0I6JBE4FSzJOpFhI6JD0WUtDn3hMtePJWQnOaaaLe4HUzwc8YX87dFylRjoyznkEBmpeG5P/aa0IehftmPthBMyn00W9SGAI8Lgj3OWSURAjDQiVXGfFdEAkoaCbHJdgz5+8COrFgn1WsO9K2XJpVkcaHaBDlEc2OkdldIsqqIYoekTP6BW9GU/Gi/FufEy/poyZZx/9GePzB9mZnT0=</latexit>

Em(Tamb) = 304± 2GPa

<latexit sha1_base64="tO4XraFijVTlyVMRbl7soHT0U7E=">AAACG3icbVDLSgMxFM3UV62vqks3wVKoUMrMUKwboSCiywp9QacMaZq2oZkHyR2xDPMfbvwVNy4UcSW48G9MHwttvRA4nJPDPff0QsEVmOa3kVpb39jcSm9ndnb39g+yh0dNFUSSsgYNRCDbPaKY4D5rAAfB2qFkxOsJ1uqNr6Z6655JxQO/DpOQdT0y9PmAUwKacrP2tRvbdhGSQt2NHWAPEGtzkpzhS2zZFeyEHraxU5xLNzWSZNxsziyZs8GrwFqAHFpMzc1+Ov2ARh7zgQqiVMcyQ+jGRAKngiUZJ1IsJHRMhqyjoU88prrx7LYE5zXTx4NA6ucDnrG/HTquUhMdGec9AiO1rE3J/7ROBIOLbsz9MALm0/miQSQwBHhaFO5zySiIiQaESq6zYjoiklDQdU5LsJZPXgVNu2Sdl6y7cq5aXtSRRifoFBWQhSqoim5RDTUQRY/oGb2iN+PJeDHejY/515Sx8ByjP2N8/QA/bZ8B</latexit>

E22,t(Tamb) = 127± 2GPa

<latexit sha1_base64="pkRaD/mAbLNoPRw6SpxhFK7r8Qo=">AAACEXicbVDLSsNAFJ3UV62vqks3g0WoUEpSanUjFFzUZYW+oAlhMp22QycPZm7EEvILbvwVNy4UcevOnX9j0nahrQcuHM65l3vvcQLBFej6t5ZZW9/Y3Mpu53Z29/YP8odHHeWHkrI29YUvew5RTHCPtYGDYL1AMuI6gnWdyU3qd++ZVNz3WjANmOWSkceHnBJIJDtfbNiRUSlBXGzZ0Tg+x9f4oorNwMU1bJZMYA8QNZokztn5gl7WZ8CrxFiQAlqgaee/zIFPQ5d5QAVRqm/oAVgRkcCpYHHODBULCJ2QEesn1CMuU1Y0+yjGZ4kywENfJuUBnqm/JyLiKjV1naTTJTBWy14q/uf1QxheWRH3ghCYR+eLhqHA4OM0HjzgklEQ04QQKnlyK6ZjIgmFJMQ0BGP55VXSqZSNWtm4qxbq1UUcWXSCTlERGegS1dEtaqI2ougRPaNX9KY9aS/au/Yxb81oi5lj9Afa5w/5HJqQ</latexit>

G12,t(Th) = 54± 6GPa
<latexit sha1_base64="FLtOwdfN2upRjGrIhKnZITAsRsg=">AAACFHicbVDLSgMxFM3UV62vqks3wVKoKGWmFnUjFNy4rNAXdMqQpmkbmskMyR2xDPMRbvwVNy4UcevCnX9j+lho64WQwzk55NzTDQXXYNvfVmpldW19I72Z2dre2d3L7h80dBApyuo0EIFqdYlmgktWBw6CtULFiN8VrNkd3Uz05j1TmgeyBuOQdXwykLzPKQFDedlTV0ZeXDo/g6RQ82IX2APExp4kJ/ga20WnhN3QN8AuZ7xsztzTwcvAmYMcmk/Vy365vYBGPpNABdG67dghdGKigFPBkowbaRYSOiID1jZQEp/pTjxdKsF5w/RwP1DmSMBT9rfDpNR6bJLivE9gqBe1Cfmf1o6gf9WJuQwjYJLOPupHAkOAJw3hHleMghgbQKjiJiumQ6IIBdPjpARnceVl0CgVnYuic1fOVcrzOtLoCB2jAnLQJaqgW1RFdUTRI3pGr+jNerJerHfrY/Y0Zc09h+jPWJ8/RO2btA==</latexit>

⌫23,t(Tamb) = 0.12± 0.04
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Conclusion and outlooks

• Enriched macro-scale model
• good description of the material behaviour

• Identification problem
• in-situ tomography + thermography
• complex sample
→ closely link model and experiment
→ provide the best material parameter set

• Quantitative investigation about damage ?
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