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Non destructive evaluation at CEA List

=NDE team at CEA List : ~ 110 staff members
including 25 PhD & post-doc

=Large industrial partnership in main sectors
concerned by NDE

=Strong academic collaborations : through CIVA
network, National, European and International
projects, ...
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=Three-fold R&D activity

Addressing the main NDE modalities:

Ultrasound, Electromag. (ET,...), X-Ray & CT, Guided Waves,

Thermography (IR), ...

=Experimental & numerical platforms
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SACH EMS SAClay High-end Equipment for the Monitoting of Structures

Co-funded by the region « Ile de France » and industrial partners 3k iledeFrance

= Development and assessment of technologies (sensors, algorithms, software)
= |ntegration in SHM prototype systems

= Assessment and performances demonstration on industrial mock-ups

Instrumentation for SHM Imaging and data processing
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A true (enough) CIVA story




Semi-analytical & hybrid modelling

Ray tracing algorithm (time of flight)
or paraxial (beam calculation)

-> Support for signal interpretation
(modal analysis), emergence of multi- ‘
element sensors . focusing

Side view

Hybridization with SA (kirchhoff, KGTD,
SOV...) or FEM flaw response models,
Auld reciprocity

-> Full inspection simulation,
performance demonstration...
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An easy access to advanced modelling

1D Linear 2D Matrix Annular or 2D Sparse Array
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Immersion Contact TR array Flexible Linear curved

Probes and Materials Data Base
Parametric and CAD specimens oy . .
\ Simple case: less than a minute

Parametric and robotic trajectories .. ..+J Complex case: less than an hour
3D Visualization, User-friendly Very complex case: less than a day

Standard PC compatibility




Parametric studies and statistical approaches

ariables Exctractions Computation options

Geometry | Rectangular

e —

4

Height 5 mm

VAR: Add to variation

VAR: Add to parameter monitered

Parametric variations

Metamodeling
Sensitivity studies
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Choice of Drawing laws

Best Practices
for the Use of
Simulation in POD

Physical vs Databased predictions

Curves Estimation
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influential parameters

Probability of Detection



NDE simulation software platform

WORLD LEADER
IN NDT SIMULATION

A multi-technique software platform
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2020 2021

Developed by CEA-List
Distributed by EXTENDE _
CIVA USERS: More than 300 companies

and Labs in 40 countries

NDE Simulation and analysis

= Scientific strategy: To integrate within the platform the results of
basic research (internal or collaborative) achieved at CEA List.

= Release of annual versions containing new tools based on this
research

= CIVAis also a collaborative plat-form: Integration of modules
developed by partners, Plug-In technology, dedicated tools for
specific applications









Known (and obvious) limits




Known (and obvious) limits... &

Full beam
Simplified

Full beam calculation
TraFiC code (12M)

Ray-based beam calculation

Flaw response




Known (and obvious) limits...

Full beam
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Full beam calculation Singularity at

TraFiC code (12M) isi Vo
e critical angleg o

Ray-based beam calculation

Be aware of the model limits

Flaw response
most often ok for toy-problems but hardly difficult for industrial needs B




Known (and obvious) limits... &

- 5 — P Full beam
Missing..{ ) R Simplified
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Full beam calculation Singularity at

TraFiC code (12M) i Ve
e critical angleg >

Ray-based beam calculation

Reliability relies on both the model & the use

. . Flaw response
& knowledge of the inputs, not discussed here

A phenomenon exacerbated by the advent of parametric studies and automatic analysis tools



--.quickly become hard-to-predict problems

The ultrasonic testing of austenitic welds Ray tracing Finite Elements " Ray tracing
Complex structured materials

Finite Elements

At some point, prior cross-
simulation evaluation is needed

while simulation remains (reasonably) idealized: probe coupling, chamfer geom., material prop...



Gradual introduction of FEM




Motivations

® Qualify standard CIVA models / Supplement them in critical cases
= Compatible with a standard PC: NDT studies in 2D, a few shots or scans in 3D

Early 2010s: Athena (edf), Fidel (airbus, FDTD) — 2D only
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Semi Analytical
computation
Beam propagation:

CIVAUT e

Boundary Conditions: ==
Defect scattering . « FE » BOX Perfectly Matching Layers iﬁm'-m —
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R&D at CEA with (R
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| Proof of concept |

Postdoc Edouard Demaldent
Simulation of the ultrasonic testing of
a stratified composite medium with

Zone de e preche

Zore de ram e

/

PhD. Simon Marmorat
Asymptotic models and numerical simulation for the
diffraction of waves by small defects

First apparition
in a CIVA release
(small defect)

fold undulation

09 10 11 12

ARAA -

13

PhD. Sébastien Imperiale
Mathematical & numerical modeling of piezoelectric transducers

PhD. Hajer Metheni
Domain decomposition approach for the simulation of
ultrasound structural health monitoring systems

Alexandre Imperiale
Permanent job position at CEA LIST
Re-mastering of the SFEM code

Homogenzed




R&D at CEA within CIVA

® Gradual introduction of transient FEM and hybrid tools in CIVA UT
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Flaw response

Part & Defect

Microstructure

® Customized CIVA-UT module
for some NDT studies

concrete

Simlation | Experimenta)
waam

composite



Transient FEM model &

= Spectral-like transient FEM - High-order hexahedrons, time-explicit, factorized stiffness mat-vect, low memory footprint...
= Mortar DDM for stability and ease of coupling of propagators - fiuid, solid, visco, pmL, ETC...
® Hyper-mesh description of the inspection scene

Ray tracing pretreatment to adjust the
region of interest

J
|
\

oo

-~ COUPLING INTERFACE

[0 wmeisotropic acousTic

[] ™eIsOTROPIC ELASTIC

[[] MEANISOTROPIC ELASTIC
ME PML ELASTIC

7] MEPMLACOUSTIC

CONFORMAL MESH
4™ ORDER ELEMENTS
2 OR 3 ELEMENTS / A7




Hyper-mesh description

= Parametric configuration description with pre-meshed patterns
= A closed notch/delamination is assimilated to a deactivated mortar interface
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Considered defects are parametric and have their own meshing pattern

Wave propagation Guided wave imaging in a pipe



Hybridization strategies
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® Trade off between performance & accuracy & accessibility

! CIVA user
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« loading area

:l specimen (simulated)

| fem absorbing layers l:l specimen (not simulated)

..... > ray tracing (emitter)
ray tracing (receiver)
convolution area

Flaw response
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Custom GUI tools &

® Trade off between performance & accuracy & accessibility (again)
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Extension to CAD 2D & 2D5

® Trade off between performance & accuracy & accessibility (and again)

Coupling
interface using ¢ -
ray source fields | /

I~ ~ Tonkaes - ear =

Absorbing layer
J1aAe| Buiglosqy

Absorbing layer :
Wedge layer

Homogeneous Anisotropic bevel Anisotropic bevel
sample without damping with damping
(82 s/shot*) (175 s/shot*) (204 s/shot*)




Periodic FEM grid for microstructures

® Trade off between performance & accuracy & accessibility (and again !)




Trends...




Phenomenologlcal modelllng

Propose improved simulation and ultrasound imaging tools
for imaging welded parts, exploiting knowledge of the
material's microstructure

Integration into UT simulation and
auto-adaptive imaging algorithms

Building a model by learning
from a simulated dataset

Input Layer Hidden Layers Output Layer -
's N e ——

average orientation distribution of grains
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iWeld received funding from the Euratom research and training program 2021-2027 under grant agreement No 101061359
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Columbo project

Cotrallibtty by lemsltasveds of WIAN compoests

Ondes de Rayleigh

COLUMBO anr:

agence nationale

Caractérisation et controlabilité multi-échelles par de la recherche
ultrasons-laser de composants WLAM :

vers une surveillance en ligne basée sur la physique et Modlisation et

augmentée par l'apprentissage automatique simulation procédé WLAM
Microstructures virtuelles
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Modelling the influence of mechanical stress

MONITORING OF THE H2 TYPE IV COMPOSITE TANK H2 tanks in which optical fibers have been co-wound during manufacture.

Rayleigh measurement (quasi-static deformation) along the fiber.

damage assessment i
on the entire cylindrical shell
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Guided wave tomography for stress
characterization

@ et C Indirect quantitative characterization of residual stresses Acousto-
- o 0 elasticity (CEA, CETIM) - Magneto-elasticity (GeePs)

@etim = Sensor adaptation: EMAT and magnetostrictive patches
ﬂgGeePs Q '1 = Elastic guided wave tomography method
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Y
Guided wave simulation with native modal
analysis

® Modal analysis is critical beyond the fundamental modes in guided waves
® |nvestigation of innovative semi-analytical models restricted to simple geometries

I3t || @315kHz (dB)

succession de
¢ propagations et
de réflexions ; i
,m, Modal ray pencil
0 e GW propagator
0 45 90 135 180 225 270 315 30 | | T
6(°)
Mode selection with magnetostrictive Modal ray pencil propagator Defect response (FEM box)
patches, Ph.D. G. Cousin, 2021 Ph.D. J. Barras, 2020 Ph.D. A. Allouko -
(A.S. Bonnet Ben Dhia,@ﬂv&

A. Lhémery, V. Baronian)



Trends - Applications

® |Influence & characterization of material properties
= Area coverage & optimized robotic inspection
= Augmented imaging with simulated defects

.

Optimization of the robot trajectory for thermal induction
using simulation (3D geometry, BEM)

Experimental — no defect Simulated — defect Augmented simulation

Fe—lprirem J

\ Augmented RX imaging with a simulated defect Augmented UT simulation by style transfer




Trends - Tools

= Extending FEM capabilities at iso-performance @%5: v »
® Updating semi-analytical tools (fast modal analysis) ]W

= Search for confidence indicators E:ft’:g‘lf;gzgege”erated

P.D. V. Vasanthan

Caustic per ray proportion Proportion of grazing rays
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Search for ray tracing confidence indicators
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Thank you for your attention

edouard.demaldent@cea.fr




