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 Crystal Plasticity (CP) models, accounting for microstructural heterogeneity, allows the 

investigation of intragranular deformation

 Confront crystal plasticity simulations with microscopic observations of deformation

- Today, either at macroscopic (effective response) or microscopic scale but surface data

- Benefit from 3DXRD to enrich experimental data with microscopic and volume data

CONTEXT AND MOTIVATION
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INTRODUCTION TO MICROSCOPIC MODELS

Plane strain stretched Al 6022

(T-Sample at 15% strain)

From Yoon-Suk Choi (PhD thesis)

3D X-Ray 

Diffraction

FFT-based

simulations

Crystal plasticity

. . . towards a multiscale calibration

Multiscale confrontation . . .

Microscopic Macroscopic

Intragranular Granular Polycrystal
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CONTEXT AND MOTIVATION
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TOWARDS IMAGE-BASED CALIBRATION OF MECHANICAL MODEL

IMAGE-BASED MODEL CALIBRATION

𝜇𝑜𝑝𝑡 = argmin
𝜇𝑖

𝑦𝑆𝑖𝑚𝑢 𝜇𝑖 − 𝑦𝐸𝑥𝑝

IN SITU MATERIAL 

TESTING

MULTISCALE CRYSTAL PLASTICITY 

FFT (CP-FFT) SIMULATIONS

Elastic strain

tensor maps

𝑦𝐸𝑥𝑝

𝝁𝒊+𝟏

DIFFRACTION-BASED

3D MATERIALS IMAGING

Elastic strain

tensor maps

𝑦𝑆𝑖𝑚𝑢 𝜇𝑖

Multiscale experimental data

(1 – 10−2 µm)

3D images of 

microstructure

Speed-up solutions being investigated:

• Multi-grid techniques  Zoom Structural

• Learning-based methods  Micromechanical super-resolution

Time-consuming 

multiscale simulations 

CP 𝛼-Ti (HCP)
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 MICRO-MECHANICAL SUPER-RESOLUTION

 CONCLUSIONS AND OUTLOOKS

OUTLINE
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Diffraction figures for different detector 

position [Oddershede, 2012]
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 Commercially Pure Titanium (𝜶)

DIFFRACTION-BASED 3D MATERIALS IMAGING
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ESRF ID11 (GRENOBLE) ACQUISITION

3DXRD (Far field)

• Deformed state

• Per grain elastic strain tensor and 

desorientation angle

• Detector resolution:

𝑟3𝐷𝑋𝑅𝐷 = 50 𝜇𝑚

• Strain resolution : 10−4

Scanning-3DXRD

• Deformed state

• Spatial resolution:

𝒓𝒔𝟑𝑫𝑿𝑹𝑫 = 𝟑𝟎𝟎 𝐧𝐦

• Strain resolution: 𝟏𝟎−𝟒

 Fine maps of elastic strain tensor

and desorientation angle

DCT (Near field)

• Undeformed (for CP simulations)

• Deformed (average orientation per grain)

• Detector resolution: 𝑟𝐷𝐶𝑇 = 1.6 𝜇𝑚

• Volume 5 × (650 × 650 × 150) 𝜇𝑚3

• Raw data: 5 × 58 = 290 𝐺𝑜

Courtesy of C. Ribart (PhD Mines Paris), 

W. Ludwig, J. Wright (ESRF)

DCT 3DXRD

s3DXRD 

[Hennigsson, 2020]
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CRYSTAL PLASTICITY FFT (CP-FFT) SIMULATIONS
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CRYSTAL PLASTICITY MODEL

Slip systems in HCP Titanium [Battaini, 2017]

Slip family Basal Prism. Pyr. 1A

𝐹(𝑠) 𝐵 𝑃 𝜋1 𝑎

Critical Resolved

Shear Stress
𝜏𝐶
𝐹(𝑠)

Non-linear

isotropic

hardening
𝑄𝐹(𝑠), 𝑏𝐹(𝑠)

Viscosity ሶ𝑣0
𝐹(𝑠)

, 𝜎0
𝐹(𝑠)

MODEL IDENTIFICATION

= 15 PARAMETERS TO CALIBRATE

Schmid law 𝜏𝑠 = ധ𝜎 ∶ 𝑚𝑠

Yield function 𝑓𝑠 = 𝜏𝑠 − 𝑟𝑠

Non-linear isotropic

hardening
𝑟𝑠 = 𝝉𝑪

𝑭(𝒔)
+ 𝑸𝑭(𝒔)

𝒓

ℎ𝑟𝑠 1 − exp −𝒃𝑭(𝒔)𝑣𝑟

Hyperbolic viscoplastic

flow rule
ሶ𝑣𝑠 = ሶ𝒗𝟎

𝑭(𝒔)
sinh

𝑓𝑠

𝝈𝟎
𝑭(𝒔)

Plastic shear rate ሶ𝛾𝑠 = ሶ𝑣𝑠𝑠𝑖𝑔𝑛 𝜏𝑠

Large deformation

[Mandel, 1973]

𝐹 = 𝐹𝑒𝐹𝑝

Polar decomposition of 

elastic strain gradient

𝐹𝑒 = 𝑅𝑒𝑈𝑒

Crystal Plasticity

(specific to HCP 

structures)

Dislocation densities

[Alankar et al., 2011]

Phenomenological model [Barkia 2014] 

(adapted from Méric-Cailletaud model)
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 Introduced by [Moulinec and Suquet, 1994]

- Global and local response of composites with elastic behaviour

 Specificities:

- No meshing required

 DCT reconstruction as input for simulations

- Massively parallel implementation

- Limited to problems with periodic boundary conditions

 Applications: crystal plasticity, composites, fracture, …

CRYSTAL PLASTICITY FFT (CP-FFT) SIMULATIONS

COPIL BIGMECA - 02/02/2023

FFT-BASED METHODS

CPFFT simulations:

• 42 875 grains

• 10243 voxels

• 4h / 1024 CPU

[Gélébart et al., 2017]

Crystal plasticity 

[Marano et al., 2019]
SiC/SiC composites (CT 

scan) [Chen et al., 2019]

Axial strain field 
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 Identify microstructural parameters leading to a RVE in terms of 

macroscopic response

 Among investigated parameters :

1. Number of grains per direction 𝑁 (𝑁3 grains in volume)

2. Resolution per grain per direction 𝑟 (𝑟3 voxels in average per grain)

3. Microstructure type (Arlequin / cubic or Voronoï)

CRYSTAL PLASTICITY FFT (CP-FFT) SIMULATIONS
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MACROSCOPIC CALIBRATION OF CRYSTAL PLASTICITY MODEL

𝟏 𝟐

𝑵 = 𝟒

𝒓 = 𝟐

𝑵 = 𝟒

ത𝒓 = 𝟐

𝟑

𝑵 = 𝟒

𝒓 = 𝟏𝟔

𝑵 = 𝟒

ത𝒓 = 𝟏𝟔

𝑁𝑅𝑉𝐸 = 8 𝑔𝑟𝑎𝑖𝑛𝑠 𝑟𝑅𝑉𝐸 = 2 𝑣𝑜𝑥𝑒𝑙𝑠 No effect of 

microstructure type
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 RVE parameters assessed in previous study:

- 𝑁𝑅𝑉𝐸 = 8 grains per direction

- 𝑟𝑅𝑉𝐸 = 2 voxels per grain per direction

 Tensile test performed on Ti sample (RD)

 Mean field calibration

- Mean-squared error as error metric

- Nelder-Mead optimization function

- 150 iterations required

CRYSTAL PLASTICITY FFT (CP-FFT) SIMULATIONS

COPIL BIGMECA - 02/02/2023

MACROSCOPIC CALIBRATION OF CRYSTAL PLASTICITY MODEL

Calibration of 15 crystal plasticity parameters

using a unique macroscopic response

𝑽 = 𝑵𝒓 𝟑 = 𝟒𝟎𝟗𝟔 voxels 

in volume
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 3D MATERIALS CHARACTERIZATION
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 MICRO-MECHANICAL SUPER-RESOLUTION

 CONCLUSIONS AND OUTLOOKS

OUTLINE

“ Single image super-resolution is a notoriously 

challenging ill-posed problem that aims to 

obtain a HR output from one of its LR versions. ”

[Yang et al., 2019]
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Animation - SRCNN

[Dong et al., 2014]

Fluid mechanics [Fukami et al., 2019]

Stress field predictions - PhySRNet [Arora, 2022]
Biphased microstructure [Jung et al., 2021]

Knee MRI images [Trinh et al., 2014]
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MICRO-MECHANICAL SUPER-RESOLUTION
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AUTOENCODERS FOR LEARNING-BASED SUPER-RESOLUTION

Low Resolution

imagery

High Resolution

imagery
Learning-based

method
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 Learning-based Super-Resolution applied to different representations of microstructures

- Orientations relationship (Schmid factor)  Discrete

- Morphology relationship (Distance to closest grain boundaries)  Continuous

- Stress state (Stress tensor components for a tensile simulation)  Piecewise

MICRO-MECHANICAL SUPER-RESOLUTION

COPIL BIGMECA - 02/02/2023

DATASET CREATION

DCT scan

1853 grains

𝟐𝟕𝟔 × 𝟓𝟑𝟐 × 𝟔𝟓𝟐 µ𝒎𝟑

𝟏𝟐𝟕 × 𝟐𝟒𝟓 × 𝟑𝟎𝟎 𝒗𝒐𝒙𝒆𝒍𝒔

Submodels extraction

𝟒 × 𝟏𝟎𝟑 instances

𝟕𝟎𝟑 µ𝒎𝟑

𝟑𝟐𝟑 𝒗𝒐𝒙𝒆𝒍𝒔

Data augmentation for 

training (1000 submodels)

𝒙

𝒚

𝒛

𝒌𝟏

𝒌𝟐

𝒌𝟑

10 random combination 𝒌𝟏, 𝒌𝟐, 𝒌𝟑 of 

90° rotations around x, y and z axes

𝟏𝟎𝟑 → 𝟏𝟎𝟒 training data

Orientations field

Stress field

Morphologies field

Work in 

Progress
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Work in Progress . . .

Original HR

(32,32,32)

Original LR (f=2)

(32,32,32)
SRCNN3D
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MICRO-MECHANICAL SUPER-RESOLUTION
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CONVOLUTIONAL NEURAL NETWORK FOR SUPER-RESOLUTION

Input

(𝟑𝟐𝟑 × 𝒄)
4* Conv3D + BatchNorm Flatten + Latent (512 × 𝑐)+ Dense + Reshape 4 * Conv3D_Transpose

Output

(𝟑𝟐𝟑 × 𝒄)

Orientations field Morphologies field Stress field
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Work in Progress . . .

Original HR

(32,32,32)

Original LR (f=2)

(32,32,32)
SRCNN3D
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MICRO-MECHANICAL SUPER-RESOLUTION
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CONVOLUTIONAL NEURAL NETWORK FOR SUPER-RESOLUTION

Input

(𝟑𝟐𝟑 × 𝒄)
4* Conv3D + BatchNorm Flatten + Latent (512 × 𝑐)+ Dense + Reshape 4 * Conv3D_Transpose

Output

(𝟑𝟐𝟑 × 𝒄)

Orientations field Morphologies field Stress field
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Work in Progress . . .
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MICRO-MECHANICAL SUPER-RESOLUTION
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CONVOLUTIONAL NEURAL NETWORK FOR SUPER-RESOLUTION

Input

(𝟑𝟐𝟑 × 𝒄)
4* Conv3D + BatchNorm Flatten + Latent (512 × 𝑐)+ Dense + Reshape 4 * Conv3D_Transpose

Output

(𝟑𝟐𝟑 × 𝒄)

Orientations field Morphologies field Stress field

Original HR

(32,32,32)

Original LR (f=2)

(32,32,32)
SRCNN3D
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 Applications to welding defects [Launay et al., 2021]

1. Offline 1: Learning morphological and mechanical

representations of welding defects (AutoEncoder)

2. Offline 2: Learning transition between latent 

representations of each modality (Fully-Connected).

3. Online: For a new defect with a given morphology,

reconstruct the induced mechanical field distortions.

18

 Multimodality

- Benefit from correlations between multiple representations

(MCOVID-Net for COVID diagnosis)

- Perform cross modal reconstruction

MICRO-MECHANICAL SUPER-RESOLUTION
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TOWARDS MULTIMODAL SUPER-RESOLUTION

MMAE for displacement field prediction around

crack defects using morphological information 

[Launay et al., 2021]

Architecture of autoencoder [Bank, 2021]

Latent 

spaceOriginal Reconstructed
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MICRO-MECHANICAL SUPER-RESOLUTION
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APPLICATION OF MULTIMODAL AUTOENCODER TO MICROMECHANICAL SUPER-RESOLUTION

Encoder

10 FFT simulations run with different sets of 𝜇𝑖
Finely discretized version of submodels.

Fine stress representation: (10*N, 32, 32, 32, 9)

High Resolution stress field

10 FFT simulations run with different sets of 𝜇𝑖
Grossely discretized version of submodels (~2/4 times)

Gross stress representation: (10*N, 32, 32, 32, 9)

Low Resolution stress field

Distance to grain boundaries: (N, 32, 32, 32, 1)

High Resolution grains morphology

Max Schmid factors per slip family: (N, 32, 32, 32, 3)

High Resolution grains orientation

HR mechanical

latent space

Left fully-

connected

(LFC)

LFC

LFC RFC

RFC

Right fully-

connected

(RFC)

Decoder
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 Learning / Training phase of MMAE:

- Orientations representation  OK

 « Maximum Schmid factors per slip family »

- Morphological representation:  OK

 « Distance to grain boundaries »

- Mechanical relationships  WIP

MICRO-MECHANICAL SUPER-RESOLUTION

COPIL BIGMECA - 02/02/2023

APPLICATION OF MULTIMODAL AUTOENCODER TO MICROMECHANICAL SUPER-RESOLUTION

Schmid

Basal

Schmid

Prismatic

Schmid

Pyr. 1A
Distance

Original

(𝟑𝟐𝟑)

CAE3D

(𝟓𝟏𝟐)



CEA Auteur 21COPIL BIGMECA - 02/02/2023

 CONTEXT AND MOTIVATION

 3D MATERIALS CHARACTERIZATION

 CRYSTAL PLASTICITY FFT (CP-FFT) SIMULATIONS

 COMPUTER VISION FOR IMAGE SUPER-RESOLUTION

 CONCLUSIONS AND OUTLOOKS

OUTLINE
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CONCLUSIONS AND OUTLOOKS

COPIL BIGMECA - 02/02/2023

CONCLUSIONS

Multimodal data acquisition

ESRF – ID11 (09/2022)

Desorientation / Elastic

strain field as QoI for 

parameter calibration

AutoEncoder to learn

microstructural attributes

Schmid factors 

(orientations)

Distance to grain 

boundaries

Super-Resolution on 

microstructure-related

information

Schmid factors 

(orientations)

Distance to grain 

boundaries

SR/HR LR/HR

Error

CP model calibration using

macroscopic response

RVE parameterization:

• 𝑁 = 8 grains per direction

• 𝑟 = 4 voxels per grain per direction
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 During DCT data reconstruction, GBs position 

obtained through grains dilation (neutral position)

- High confidence in grains interior

- Low confidence in GB neighbourhood

 Exploration of morphological space using mesh

morphing of GBs:

- Random magnitude of Laplacian Eigenmodes

 Aim: Assess the impact of this uncertainty on the 

material parameters calibration

CONCLUSIONS AND OUTLOOKS

COPIL BIGMECA - 02/02/2023

PERSPECTIVES: GRAINS BOUNDARIES (GBs) POSITION

DCT post-

processing Overlap removal
Grains dilation 

until contact

High 

Confidence

Grain boundaries

morphing

Lower confidence
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