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1. Motivation

Safran / LUS4METAL / Ducousso / Laser ultrasonics in a multilayer structure : model and examples

Nondestructive evaluation (NDE) of adhesively bonded joints in aircraft structures

Environmental

issues

Safety

 Reduction of greenhouse

gases emissions

 Aircraft structures as light 

as possible

 Composite materials 

 Bonded joints

 Need of quantitative 

nondestructive methods to 

certify the mechanical

strength of adhesively

bonded joints

www.safran-aircraft-engines.com
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Evaluation of elastic reflection coefficients 

to evaluate the interfacial stiffnesses

for several incidence angles

1. Characterization of adhesively bonded joints
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1. Characterization of adhesively bonded joints

Evaluation of elastic reflection coefficients 

to evaluate the interfacial stiffnesses

for several incidence angles
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1. Characterization of adhesively bonded joints

Evaluation of elastic reflection coefficients 

to evaluate the interfacial stiffnesses

for several incidence angles

Snell’s law



Ce document et les informations qu’il contient sont la propriété de Safran. Ils ne doivent pas être copiés ni communiqués à un tiers sans l’autorisation préalable et écrite de Safran.

Safran / LUS4METAL / Ducousso / Laser ultrasonics in a multilayer structure : model and examples

1. Characterization of adhesively bonded joints

Evaluation of elastic reflection coefficients 

to evaluate the interfacial stiffnesses

for several incidence angles

Snell’s law



Ce document et les informations qu’il contient sont la propriété de Safran. Ils ne doivent pas être copiés ni communiqués à un tiers sans l’autorisation préalable et écrite de Safran.

Safran / LUS4METAL / Ducousso / Laser ultrasonics in a multilayer structure : model and examples

1. Characterization of adhesively bonded joints

Evaluation of elastic reflection coefficients 

to evaluate the interfacial stiffnesses

for several incidence angles

Need for a model of laser-

ultrasound propagation which 

takes into account optical, 

thermal and elastic 

phenomena, with complex 

boundary conditions  

Snell’s law
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LASER ULTRASONICS IN 
A MULTILAYER 
STRUCTURE : MODEL

2

Reflected shock
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2. Semi-analytic model of laser-ultrasonics in a multilayer structure

Presentation of the model

• 2D semi-analytic approach to successively solve electromagnetic, thermal, and elastodynamic problems 

(orthotropic materials) in multilayer using the transfer matrix method

• Complex thermal and mechanical coupling conditions are considered

• Developed code is provided for free : see Hode et al. J. Acoust. Soc. Am., 150(3), 2021
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2. Semi-analytic model of laser-ultrasonics in a multilayer structure

Output : (k,w) space Output : (x,t) space
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3
PLANE WAVE
SYNTHESIS AND 
INVERSE PROBLEM FOR 
NONDESTRUCTIVE 
EVALUATION
OF ADHESIVE BONDINGS
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Plane wave synthesis in laser ultrasonics

Data acquisition:

> Generation : 2𝑁 + 1 positions;

> Detection: fixed detection point.

Post-processing:

> Delay 𝛿𝑡 between sources:
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F. Reverdy, PhD Thesis, 2000. 

F. Reverdy and B. Audoin. J. Appl. Phys. 90, 4829, 2001

𝑠 𝑡 = 

𝑖=−𝑁

𝑁

𝑠𝑖 𝑡 + 𝑖𝛿𝑡 .

1

𝑉𝑆
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.

3. Presentation of the plane wave synthesis

Data acquisition
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𝑖=−𝑁

𝑁

𝑠𝑖 𝑡 + 𝑖𝛿𝑡 .

𝜙𝑝 = 20°

3. Presentation of the plane wave synthesis
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Post-processing
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3. Presentation of the plane wave synthesis
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Post-processing

• Improvement of the SNR

• Filtering of the surface 

wave
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4. Nondestructive evaluation of adhesive bondings

Generation of a database of different bonding stiffenesses

𝐾𝑁 = 10−3𝑘𝑁/𝑚𝑚3

𝐾𝑇 = 10−3𝑘𝑁/𝑚𝑚3

𝐾𝑁 = 103𝑘𝑁/𝑚𝑚3

𝐾𝑇 = 101𝑘𝑁/𝑚𝑚3

𝐾𝑁 = 105𝑘𝑁/𝑚𝑚3

𝐾𝑇 = 105𝑘𝑁/𝑚𝑚3

Without adhesion Bad adhesion Perfect adhesion

Methodology

Experimental data

Without adhesion

Bad adhesion
Perfect adhesion

Hode et al. J. Acoust. Soc. Am., 150(3), 2021

Experimental results
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OTHER APPLICATIONS
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Picosecond ultrasonics in a single carbon fiber
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• NETA heterodyne system

• λpump = 532 nm ; λprobe = 512 nm; τ = 200 fs

• focus = 1 µm FWHM

Carbon fiber compared with human hair

Experiments
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Modeling
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Bulk waves - FDTD Surface wave – analytic model

Simulations Experiments

• 2D Finite differences modeling in the time domain (4th order) 

according to a Virieux scheme of the elastodynamic equations

• Open source : Cuenca et al., J. Appl. Phys., 128(244903), 2020

• Calculation : > 11 h one a classical laptop 

• Optical penetration, thermal diffusivity and visco-elastic 

propagation are taken into account in a plane configuration 

• Open source : Hode et al., J. Acoust. Soc. Am., 150(3), 2021

• Calculation : ~ 30 s one a classical laptop 

Experiments

Simulations
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5. Thickness evaluation on bilayer using local resonances and supervised machine learning

More than 2000 simulations of elastic propagation in a bilayer

with thicknesses variations (substrat and coating)  few hours

of calculation

Supervised ML analysisSimulation of the elastic propagation
Coating : 0.05 to 0.7 mm, 0.02 mm step

Substrate : 2.4 to 3.6 mm, 

0.02 mm step

Coating : 0.39 mm

Substrate : 3.04 & 3.06 mm

Supervised Learning Workflow and Algorithms - MATLAB & Simulink - MathWorks France

Coating : 0.39 & 0.41 mm

Substrate : 3.62 mm

Substrate

Coating

2/3

1/3

Predictions

Learning
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https://fr.mathworks.com/help/stats/supervised-learning-machine-learning-workflow-and-algorithms.html
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Conclusion

Conclusions

• A multilayer model have been proposed to successively solve electromagnetic, thermal, and 

elastodynamic coupled problems in laser ultrasonics. The optical penetration and angle of the 

laser line source are considered, as well as thermal conduction and convection. Complex thermal 

and mechanical coupling conditions are considered between the upper and lower media of the 

multilayer.

• We illustrated the model on NDE of bonded assemblies, on picosecond ultrasonics or supervised 

machine learning applications
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