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DESCRIPTION:

1) Context

The present PhD Thesis offer takes place in an upstream project dealing with the performance
improvement of armors composed by the assembly of a cover ceramic layer and a backing composite
layer (Fig. 1). The main function of the cover ceramic layer is to slow down the projectile advance by
dissipating the energy through fragmentation process [Rahbek 2017, Shokrieh 2008, Colar 2013, Colar
2015]. The main function of the composite backing layer is to retain the ceramic fragments (non-
perforation criteria) and to restrict the sinking of the armor (sinking criteria). An adhesive layer is used to
join both layers. This adhesive layer is explicitly not functionalized to participate in the armor performance.
One of the main objectives of this PhD Thesis is to understand and model the function of this
adhesive layer in view of performance improvements of armors.
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Figure 1: Principle scheme for the ballistic protection through the joining of a cover ceramic layer and a composite
backing layer.

If it is fundamental to understand the fracture modes by fragmentation of the cover layer under impact as
well as the fracture modes of the backing layer, it is necessary to consider for the influence of the adhesive
layer on these fracture modes. Indeed, the fracture strength of the adhesive layer provide to the system a
sufficient bending stiffness to restrict the backing layer deflection and to prevent from its perforation by
ceramic fragments. The adhesive layer is likely contributing in the fragmentation improvement of the cover
ceramic layer. In the frame of this PhD Thesis, the classical approach coupling experimental tests and
numerical tests will be taken. This PhD thesis aims at then to taking benefit from previous projects
founded by the Agence Innovation Defense (AID) [Essongue 2022] Camalet 2020, Duplan 2020,
Francart 2017] as well as the dedicated projects of current involved laboratories on the behavior
modelling of bonded joints [Lopez-Puente 2005, Lélias 2018, Jaillon 2019a 2019b, Planas 2024].
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Figure 2 : Numerical model unde rapid dynamic of the perforation of three-layer protection.
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In addition, in the frame the development of these armors, new materials for the 3-layer to be joined will
be considered to meet at best the protection criteria (non-perforation criteria, sinking criteria, reusability,
multi-impact protection, recycling and environment requirement). In this line, two industrial partners of
ISAE-SUPAERO, Arkema for adhesives and Saint Gobain for backing and cover layers, will be involved
as a way forward for this PhD Thesis.

This PhD Thesis can then be regarded as the next step of previous works done on the topic by
ISAE-SUPAERQO in collaboration with ISL and ICUBE since 2017. The focus is on the influence of the
adhesive material properties (including strength) on the fragmentation of the cover ceramic layer and on
the deflection and associated damaging of the backing composite layer. This PhD Thesis takes place in
scientific themes dealing with the modelling of material and bonded composite structures behavior at high
rates.

2) Work program
Golab objectif :

Qualification of the mechanical strength of three-layer ballistic protection system by functionalizing of the
adhesive layer and assessment of its role in the ceramic layer fragmentation and in the composite layer
performation.

» Literature
- Damage and fracture mechanics of composite and ceramic, such as used in the current
system
- Use of behavior model developed previously:
o Model for the ceramic fragmentation [Denoual 2000, Holmquist 2008, Camalet
2020, Duplan 2020, Forquin 2019]
o Damage and fracture model for composire [Camalet 2020, llyas 2010, Cheng
2015, Lachaud 2020, Espinosa 2013]
- Anlaysis of numerical models to characterize the current weak points and lacks in terms
of parameters to be identirfied
- Model behavior under high rate of bonded interfaces: cohesive zone model
- Method for identification of model behavior under high rate of bonded interfaces

» Experimental test
- Method for identification of model behavior under high rate of bonded interfaces
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A first step will focus on the choice of the adhesive layer as function of its ability to
adhere and on the role of adherence on the strength of the three-layer system.
The selected adhesive systems will then be characterized in static and in dynamic under
bulk and confined configuration. The test campaigns will make use of available
equipment in the labs, while dedicated protocols for certain solicitation under high rate
need to be developed.
- Behavior model for selected adhesives
A behavior model will be developed in the basis of experimental test results and
numerical models and methods available in the labs. Its robustness will be assessed
based on an experimental test campaign at various scales and on well-known materials.
- Additional test campaign of the mechanical behavior of ceramic and composite materials.
o At the scale of materials, some of previously identified parameters exhibit some
limits. New additional tests could be developed to improve the robustness (inter and
intra laminar fracture energy, viscoplasticity at the laminate scale, elevated porosity
in new ceramic)
o At the scale of the three-layer protective system, various tests need to be defined:
= Hyper rate canon tests at ICA (800 m/s)
= Balistic test at ISL

» Numerical modelling

- The numerical development of the three-layer system as well of each components have
already been the topic of several works within the particpatin labs. This modelling basis will
be used for this PhD Thesis [Camalet 2020, Essongue 2022, Lachaud 2020, Planas 2024,
Schwartz 2023]. The first models allowing for the understanding of the adhesive layer
functionalization will use existing developments as well as the sizing of experimental tests.

- Implementation of behavior model at high rate in cohesive zone models [Planas 2024]

- Each experimental test for each scale (including hyper rate and ballistic impact tests) will
be comparted to numerical test (FE, SPH, discrete/continuous model...)

- Use of macro-element modelling (ME) for the bonded interface. This method has been
created and developed at ICA since 2003 and allows for the mode enrichment (high fidelity
at low cost) [Paroissien 2000, Schwartz 2023, Orsatelli 2024]. This method is fast and
robust and will be compared to the CZM method for the mechanical behavior prediction.

- Adaptation on existing behavior model (ABAQUS explicit, « User Materials » [Lachaud
2020] to the new composite and ceramic materials.

In the frame of this project, a Post-Doc student will work in support of the PhD Thesis from the second
year.

The candidate need to have knowledge in composite materials and structures, nonlinear analysis,
numerical method for rapid dynamic and prone to perform coupling experimental/numerical analyses.
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3) Administration

We are looking for candidates who solid knowledge in solid mechanics, material sciences, numerical
simulations and mechanical characterization. Candidates must be able (i) to design new experimental test
benchs within the participating labs while enduirng the cordinations of various technical teams, (ii) to
perform numerical simulation and analyze the results, and (ii) to present the results and write papers.

Candidates must have (i) the taste for experimental and numerical works, (ii) human and management
qualities allwing for soft intergartion within the team works and (ii) writing and oral skills in English.

Starting date : From October / November 2026
Duration : 3 years

Salary : 2200 € net per month mois + possible teaching contratc at ISAE SUPAERO (100 € to 200 € in
plus per month)

Contacts : CV and application letter to be sent to:

frederic.lachaud@isae-supaero.fr, eric.paroissien@isae-supaero.fr, Camille.Gillet@insa-toulouse.fr,
bahlouli@unistra.fr , Yael.Demarty@isl.eu

Finally remote meeting could be organized to discuss on topics, as function of candidates wish and
dedicated question on the work environment.

References :

[Colard 2013] Colard L, Kerisit C, Rusinek A, Azari Z and Daire P. Investigations on dual-hardness lightweight
armor. Congreés Francais de Mécanique 2013, Bordeaux, 26-30 Aofit 2013.

[Colard 2015] Colard L, “Etude du comportement sous impact balistique d’un blindage multicouche & composantes
carbure de bore et aluminium », thése de doctorat, Université de Lorraine, 2015.

ISAE-SUPAERO
périeur de 'Aéronautique et de I'Esp 33 (0)5 61338080 0

10, avenue Marc Pélegrin | BP 54032 | 31055 Toulouse CEDEX 4 | France contact@isae-supaero.fr @


mailto:frederic.lachaud@isae-supaero.fr
mailto:eric.paroissien@isae-supaero.fr
mailto:Camille.Gillet@insa-toulouse.fr
mailto:bahlouli@unistra.fr
mailto:Yael.Demarty@isl.eu

Institut Supérieur de I'Aéronautique et de I'Espace

SUPAERDO

[Camalet 2020] Tristan Camalet Caractérisation et modélisation du comportement dynamique des matériaux
constituant une structure de protection céramique-composite Thése de I’Université de Strasbourg, 2020.

[Chen 2015] Chen C., Michel L., Lachaud F., Espinosa C..Simulation d’impact de composites stratifiés et effets de
I’environnement.19¢me Journées Nationales sur les composites, Lyon 28-30 Juin 2015.

[DaSilva, 2009] LFM DA SILVA, PJC DAS NEVES, RD ADAMS, and JK SPELT. Analytical models of adhesively
bonded joints-Part I: Literature survey. Int J Adhesion Adhesives. 29, pp. 319-330. 2009

[Denoual 2000] C. Denoual, F. Hild. damage model for the dynamic fragmentation of brittle. Solids. Comput.
Methods Appl. Mech. Engrg. 183 (2000) 247-258

[Duplan 2020]. Duplan Yannick Caractérisation expérimentale et modélisation des propriétés de rupture et de
fragmentation dynamiques d'un noyau de munition et de céramiques a blindage. These de I’Université de Grenoble-
Alpes, 2020

[Espinosa 2013] Christine Espinosa, Cheng Chen, Frédéric Lachaud, Laurent Michel, Miriam Ruiz-Ayuso. Inner
damage and external dent in composite structures after impact — Part Il : numerical modelling. International
Conference on Fracture and Damage Mechanics, Italy 2013.

[Essongue 2022] Simon Essongue. Influence de la tenue a rupture de la couche de colle sur la performance d’un
systéme céramique-colle-composite. Rapport d’avancement AID Projet « Tri-Couches », ISAE-SUPAERO 2022
[Forquin 2019] P. Forquin, M. Blasonea, D. Georges, M. Dargaud, E. Ando. Modelling of the fragmentation process
in brittle solids based on x-ray micro-tomography analysis. 24¢éme Congres Francais de Mécanique Brest, 26 au 30
Aot 2019

[Francart 2017] Francart C., “Experimental and numerical study of the mechanical behavior of metal/polymer
multilayer composite for ballistic protection”, these de doctorat, Université de Strasbourg, 2017.

[Holmquist 2008] Holmquist, T.J. and G.R. Johnson, Response of boron carbide subjected to high-velocity impact.
International Journal of Impact Engineering, 2008. 35(8): p. 742-752.

[Ingen, 1994] JW VAN INGEN, and A VLOT. Stress analysis of adhesively bonded single lap joints. (Report LR-
740). Delft University of Technology. April 1993

[Mlyas 2011] M. Ilyas, C. Espinosa, F. Lachaud, L. Michel, Michel Salaiin

Modelling Aeronautical Composite Laminates Behaviour under Impact using a Saturation Damage and Delamination
Continuous Material Model. Advances in Fracture and Damage Mechanics IX Key Engineering Materials Vols. 452-
453 (2011) pp 369-372, © (2011) Trans Tech Publications, Switzerland. doi:10.4028/www.scientific.net/ KEM.452-
453.369.

[Jaillon 2019a] Jaillon A., Jumel J., Paroissien E., Lachaud F.,

Mode I cohesive zone model parameters identification and comparison of measurement techniques for robustness to
the law shape evaluation. The Journal of Adhesion, 96:1-4, 272-299, 2019.

[Jaillon 2019b] Jaillon A., Jumel J., Lachaud F., Paroissien E.

Mode I Cohesive Zone Model Parameters Identification and Comparison of Measurement Techniques based on
uncertainty estimation. International Journal of Solids and Structures, 191-192, 577-587, 2019

[Lachaud 2023] Frédéric Lachaud, Christine Espinosa, Eric Paroissien. Influence de la tenue a rupture de la couche
de colle sur la performance d’un systéme céramique-colle-composite. Rapport final AID Projet « Tri-Couches »,
ISAE-SUPAERO 2023

[Lachaud 2020] Lachaud F., Boutin M., Espinosa C., Hardy D. Failure prediction of a new sandwich panels based
on flax fibers reinforced epoxy bio-composites. Composite Structures, 2020

[Lachaud 2011] F. Lachaud. Contribution a I’analyse multi échelle du comportement mécanique non linéaire
matériau des structures composites. Habilitation a diriger des recherches, Université Paul Sabatier. 2011

ISAE-SUPAERO
Institut Supérieur de I'Aéronautique et de I'Espace 33 (0)5 61338080 G

10, avenue Marc Pélegrin | BP 54032 |1 31055 Toulouse CEDEX 4 | France contact@isae-supaero.fr @


https://www.researchgate.net/publication/338173722_Mode_I_Cohesive_Zone_Model_Parameters_Identification_and_Comparison_of_Measurement_Techniques_based_on_uncertainty_estimation
https://www.researchgate.net/publication/338173722_Mode_I_Cohesive_Zone_Model_Parameters_Identification_and_Comparison_of_Measurement_Techniques_based_on_uncertainty_estimation

{

Institut Supérieur de I'Aéronautique et de I'Espace

SUPAERO

[Lelias 2018] Lelias G., Paroissien E., Lachaud F., Morlier J.,

On the experimental characterization of thin adhesive layers loaded in mode I, mode Il and mixed-mode I/II.
International Journal of Solids and Structures, 2018

[Lopez-Puente 2005] J. Lopez-Puente, A. Arias, R. Zaera, C. Navarro. The effect of the thickness of the adhesive
layer on the ballistic limit of ceramic/metal armours. An experimental and numerical study. Int. J. Imp. Eng. 32(1-
4), pp 321-336. 2005

[Orsatelli 2024] Orsatelli J. B., Paroissien E., Lachaud F., Schwartz S.. Influence of modelling hypotheses on strength
assessment of CFRP stepped repairs. International Journal of Adhesion and Adhesives. 2024

[Paroissien 2006] E. Paroissien. Contribution aux Assemblages Hybrides (Boulonnés/Collés) — Application aux
Jonctions Aéronautiques. These de doctorat, Université de Toulouse 3 / Institut de Génie Mécanique (IGM). 2006
[Paroissien 2013a] E. Paroissien, F. Lachaud and T. Jacobs. A simplified stress analysis of bonded joints using macro
elements. In book Advances in modeling and design of adhesively bonded systems, Chap. 4, p.93-146. Ed. MITALL
K. L.; KUMAR S. 2013

[Paroissien 2013b] E. Paroissien, F. Gaubert, A. Da Veiga and F. Lachaud. Elasto-Plastic Analysis of Bonded Joints
with Macro-Elements. Journal of Adhesion Science and Technology. 27(13)1464-1498. 2013

[Pawar 2016] M.J. Pawar, A. Patnaik, S.K. Biswas, U. Pandel, [.K. Bhat, S. Chatterjee, A.K. Mukhopadhyay, R
Banerjee, B.P. Babu. Comparison of ballistic performances of AI203 and AIN ceramics. Int. J. Imp. Eng. 98, pp 42-
51.2016.

[Planas 2024] Planas M., Paroissien E., Lachaud F., Gerard P.. A finite-thickness rate-dependent cohesive zone
model. Engineering Fracture Mechanics. 2024.

[Rahbek 2017] Rahbek Dennis B., Jeffrey W. Simons, Bernt B. Johnsen, Takao Kobayashi Donald A. Shockey.
Effect of composite covering on ballistic fracture damage development in ceramic plates. International Journal of
Impact Engineering. Volume 99, January 2017, Pages 58-68

[Shokrieh 1982] Shokrieh M.M., Javadpour G.H. Penetration analysis of a projectile in ceramic composite armor.
Composite Structures 82 (2008) 269-276

[Schwartz 2023] Schwartz S., Paroissien E., Lachaud F.. An enriched finite element for the simplified stress analysis
of an entire bonded overlap: continuum macro-element. [International journal for Numerical Methods in Engineering,
Vol. 129, February 2024.

REQUIRED PROFILE: Master (M2) Mechanical engineering, Materials, Numerical modeling
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LOCATION: TOULOUSE

RESPONSIBLE OF THE SUBJECT:
Frederic LACHAUD / Eric PAROISSIEN / Sébastien SCHWARTZ

TEL. : 06-13-18-28-78

APPLICATION PROCESS: CV and application letter to be sent to:

frederic.lachaud@isae-supaero.fr,  eric.paroissien@isae-supaero.fr, Camille.Gillet@insa-toulouse.fr,
bahlouli@unistra.fr , Yael.Demarty@isl.eu

APPLICATION DEADLINE:
01-06-2026

REFERENCES: N/A
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