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Abstract

The laser shock peening process is commonly used in the aerospace industry. It consists in focus-

ing a laser pulse at the surface of a metallic piece to reinforce its fatigue behaviour properties. When

the laser pulse hits the surface of the material, a plasma is created and starts to expand in the air.

This plasma release induces the creation of a shockwave with a typical pressure in the GPa range

that plasticises the matter. As a result, compressive residual stresses are induced in the material.

They are themselves the cause of the �nal improved fatigue behaviour. In order to produce su�cient

pressures to treat the alloys of interest, a water layer is usuallyplaced on top of the surface of the

metallic target in the form of running water brought by a little hose. Th is con�guration hinder the

plasma expansion in the air and induces the production of higher maximum pressures during a longer

duration. However, this con�guration does not allow for the treatment of some speci�c parts of air-

crafts that cannot support water in their environment. For this reason, an alternative to the water

con�ned regime is necessary. In this work, the use of 
exible, transparent polymers is studied and

demonstrates good results allowing to consider polymer as a true candidate for all the laser peening

applications where water cannot be used. After a state of the art and a presentation of the materials

and methods used during the work, a �rst part describes the choice, parametric study and residual

stresses measurements realised with polymer con�nement on an aeronautic alloy while a second part

presents the 
exible polymer mechanical behaviour under laser conditions (high pressure and strain

rate).

Keywords : Laser, Laser shock peening, Polymer, Pressure sensitiveadhesive, Dynamic glass

transition, Residual stresses, Fatigue.
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R�esum�e

Le proc�ed�e de laser shock peening est couramment utilis�e dans l'industrie a�eronautique. Il consiste

�a focaliser une impulsion laser �a la surface d'une pi�ece m�etallique dont il faut renforcer le comporte-

ment en fatigue. Quand l'impulsion laser atteint la surface de la cible m�etallique, un plasma se cr�ee

puis se d�etend dans l'air. Cette d�etente engendre la cr�eation d'une onde de choc avec une pression

de l'ordre du GPa qui �a pour e�et de plasti�er la mati�ere qu'elle traverse. En cons�equence, des con-

traintes r�esiduelles de compression sont induites dans le mat�eriau et ce sont ces derni�eres qui sont

la cause du meilleur comportement en fatigue obtenu. A�n de produiredes pressions su�santes au

traitement d'alliages utilis�es dans l'a�eronautique, une couche d'eau est plac�ee sur la surface de la pi�ece

�a traiter. Cette con�guration �a pour e�et d'empêcher la d�etent e du plasma dans l'air, provoquant des

pressions plus fortes pendant un temps plus long. Cependant le r�egime con�n�e par eau ne permet pas

le traitement de certaines zones sp�eci�ques des avions dans lesquelles de l'eau ne peut pas être amen�ee.

De ce fait, une alternative au con�nement eau apparait comme n�ecessaire. Dans ce manuscrit de th�ese

l'utilisation d'un polym�ere transparent et 
exible montre de bons r�esultats permettant de consid�erer

les polym�eres comme de vrais candidats pour les applications de grenaillage laser dans lesquelles l'eau

ne peut être utilis�ee en tant que con�nement. Apr�es un �etat de l'art et une pr�esentation des outils

utilis�es au cours des di��erentes exp�eriences, ce manuscritd�ecrit dans une premi�ere partie le choix d'un

con�nement suivi de son �etude param�etrique et de r�esultats de mesures de contraintes r�esiduelles apr�es

traitement. Une seconde partie se concentre sur les propri�et�es m�ecaniques d'un polym�ere 
exible sous

un r�egime m�ecanique de type choc laser (haute pression et vitesse de d�eformation).

Mots-cl�es : Laser, Grenaillage laser, Polym�ere, Adh�esif sensible�a la pression, Transition vitreuse

dynamique, contraintes r�esiduelles, Fatigue.
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Introduction

Context

The context of this PhD thesis is intertwined with a global problematic concerning the service life of

aircrafts, be them new or already in service. The problematic of cyclic fatigue a�ecting metallic parts,

especially the openwork ones, is a major challenge in the long-term goal of increasing the service life of

aircrafts. Replacing such pieces instead of trying to make them lastlonger is not a viable alternative,

considering the price and sustainability of the operation. In some case, that approach would mean

replacing the entire aircraft which is obviously too expensive. Analternative to this option is to

reinforce the mechanical behaviour of the material subject to high cyclic loading, stress concentration

or crack initiation. In this context laser shock peening or laser peening (LSP) is a solution of choice.

Although the process is really close to classical peening (or shot-blasting) using metallic or ceramic

balls to hit the matter to be treated, LSP o�ers many advantages. First of al l, the process is non

contact, allowing treatment in claustrated area that are normally di�cu lt to access. Moreover the

compressive residual stresses imparted in the work-piece by theprocess are higher and applied more in

depth in the material than what can be achieved with classical peening.Broadly speaking, the fatigue

properties can increase by up to 400% after the LSP treatment.

The laser shock peening process consists in focusing a laser pulse of high intensity (in the GW/cm 2

range) at the surface of the piece to be treated. When the pulse hit the target, a plasma is created

and then expands in the air. This phenomenon leads to the creation of a shockwave that propagates

in the target and plasti�es it, thus inducing the creation of compressive residual stresses, themselves

responsible of the increased fatigue behaviour properties.

To optimise the process a transparent later to the laser pulse is placed on top of the target's

surface. This layer prevents the plasma expansion in the air by con�ning it. This method allows at
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equivalent laser energies to produce pressures up to six time higher than in direct regime (i.e. no

con�nement) while also maintaining this pressure for two times longer, in the order of two time the

pulse duration. This con�guration presents one major limitation; at laser intensities higher than a

threshold dependent on the con�ning material. a breakdown plasma iscreated at the surface or inside

of the con�ning material and starts to absorb the incident laser energy, thus limiting the maximum

pressure produced as well as it time of application with this con�guration. Today, two main laser

peening con�guration are used in the industry

ˆ The "classical" LSP that uses high laser energies (> to some joules) with pulse duration in the

order of 10 ns, laser spot diameters of multiple mm, a relatively low overlap between laser shots

(as low as 30%) and a low pulse frequency. With this con�guration a thermal coating is also

used in order to avoid thermal e�ects at the surface of the treated piece which induce tensile

residual stresses as well as oxidation of the surface. This type of con�guration is mainly used in

the aeronautic industry for the reinforcement of the fatigue and crack propagation behaviour.

ˆ The second con�guration is a method developped by Yuji Sano in 1997 for thetreatment of

immersed nuclear tanks for Toshiba. This method uses low laser energies (100's of mJ), pulse

durations in the 5 ns range, laser spot diameters typically inferior to1 mm and a high overlap

ratio between shots. This allows for the use of laser with a high pulsefrequency up to 100's of

Hz. A major advantage of this con�guration lies in the absence of the necessity to use a thermal

coating to protect the surface treated. Even though the thermal e�ects are detrimental to the

treatment, the compressive residual stresses imparted in the materials treated are high enough

to guaranty an increase of the �nal fatigue behaviour and crack propagation resistance.

In the aeronautic industry, the �rst con�guration is currently excl usively used, coupled with the use

of water as a con�nement. However the use of such a con�nement limits the use of the process. As

of now, it is impossible to treat some speci�c claustrated surfaces such as interior of wings due to

the presence of kerosene in this place, small bore holes because of theimpossibility to obtain a good

water 
ow in such a small space or some speci�c parts of cockpits were the treatment would be used

in maintenance and the presence of on-board electronic would prevent the use of water.

In these conditions the development of an alternative con�nement for the laser shock peening

application to be able to treat these speci�c application is necessary. Following preliminary results
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from Damien Courapied PhD's work, the use of an adhesive elastomer alreadyshowed promising

results by producing important pressure when used as a con�nement for the application. In these

conditions, polymers appears a good candidates to be used as con�ning medium for the laser shock

peening application. Moreover this type of material can be tuned by playing on their chemistry and

thus be adapted to a particular use.

It is in this context that the FORGE project, in which this PhD wor k takes place, was created.

It gathers the PIMM laboratory, CNRS, CEA as well as industrial actors (Thal es, Rescoll, Imagine

Optics and Airbus) in order to develop the laser shock peening method to be able to use it with a

solid con�nement for aircraft still in construction and the ones already in-service.

Objectives

The objectives of this PhD work are multiple. First a �ner comprehension of the laser/matter inter-

action during the laser shock process while using polymer con�nement is necessary. An understanding

of the other processes taking place at the di�erent interfaces (air/con�nement and target/con�nement)

during the laser shots is also necessary. A study of the water con�nement is also realised along the

study of polymer con�nements in order to have a reference point of comparison that are also compared

with the already existing literature on the subject.

One of the research axis is to compare the results obtained while using di�erent types of con�ne-

ments to observe the underlying e�ects taking place during the process. Another part of the work

studies the damaging mechanisms, thermal and mechanical, at work in thepolymers used as con�ne-

ment during the interaction as the literature on these phenomena isnot comprehensive with the laser

energies and materials of interest aimed.

The laser parameters aimed for the �nal application by Airbus are laser energies of some GW/cm2

with a pulse duration of some ns and a laser spot diameter of less than 1 mm.The wavelengths

used were �rst 532 nm for the characterization at the laboratory to then transition to a 1064 nm

laser developed by Thales and with an overall parametric closer to the end use. The change of �nal

wavelength is important for the industrial use if the laser has to be transported by optic �ber in order

to have access to the concerned areas. Indeed, the use of a 1064 nm laser avoids non-linear e�ects in

the optic �ber that would prevent its use. The rest of the parameters, closer to the Toshiba method
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than the classical aeronautic con�guration allows to reduce the thermal e�ects and be dispensed of the

use a thermal coating. If the comprehension of the laser/matter interaction in such a con�guration

is understood, the design and properties of the polymer can be tunedto �t the end use better and

can even be adapted depending on the material to be treated by LSP and/or the laser used for said

treatment.

This manuscript presents the work realised during three years to�nd, characterize and study a

potential alternative to the water con�ned regime by using polymers instead for the laser shock peening

application in an industrial setting. The �rst chapter will describ e the laser shock peening process as

well as the phenomena involved in it while also presenting in a second part the polymer mechanical

and chemical characteristics needed for the �nal application.

The second chapter presents the materials and methods used for the di�erent studies realised during

this PhD work. From the choice of materials used as targets to the tools chosen for the con�nements

choice, characterization and evaluation when used for the LSP process.

The third chapter focuses in a �rst part on the choice of a con�nement for the application while a

second part study the e�ect of di�erent parameters on the process capability. A last section describes

the residual stresses approach used and the results obtained with it.

The fourth chapter describes all the results obtained from experiments aiming at better under-

standing the mechanical behaviour of the chosen materials for con�nement under laser shock conditions

(i.e. high strain rate and pressure).

A conclusion on the realised work closes the manuscript and is accompanied with perspectives

giving an insight on future possible works that could be done to furtherthe control and e�ciency of

the LSP process with polymer con�nements.
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Contexte FR

Le contexte de cette th�ese s'inscrit dans une probl�ematique plus globale qui concerne la dur�ee de

vie des a�eronefs, qu'ils soient neufs ou en service. La fatigue cyclique qui touche des pi�eces m�etalliques,

souvent ajour�ees dans le but de les all�eger est un probl�eme important, le remplacement de ces pi�eces

�etant tr�es on�ereux voire impossible dans certains cas. Une des alternatives apparaissant logiquement

est le renforcement du comportement de r�esistance en fatigue. Dansce contexte, le choc laser ou LSP

pour Laser Shock Peening, aussi appel�e grenaillage laser apparâ�t comme une solution de choix. En

e�et, le LSP bien que proche du grenaillage m�ecanique, pr�esente de nombreux avantages : Il s'agit

d'un proc�ed�e sans contact, ce qui facilite sa mise en place dans des environnements exigus ou di�ciles

d'acc�es. Les contraintes r�esiduelles de compression cr�e�ees par le traitement sont plus fortes et sont

appliqu�ees plus profond�ement par rapport au grenaillage classique. De mani�ere g�en�erale, les propri�et�es

de r�esistance �a la fatigue peuvent augmenter jusqu'�a 400% �a l'issue du traitement.

Le proc�ed�e LSP consiste �a focaliser un rayonnement laser de hauteintensit�e (de l'ordre de quelques

GW/cm 2) �a la surface d'une pi�ece �a traiter. Au contact de la pi�ece, un p lasma se forme puis se

d�etend. Cette d�etente du plasma engendre la formation d'une ondede choc qui se propage dans la

cible et la plasti�e, entrâ�nant la cr�eation de contraintes r�es iduelles de compression, �etant elles-mêmes

responsables des propri�et�es en fatigue accrues.

A�n d'optimiser le proc�ed�e, une couche transparente au rayonnement laser est appos�ee �a la surface

de la cible a�n de former un contact intime avec cette derni�ere. Cette couche permet d'empêcher

l'expansion du plasma dans l'air en le con�nant. Cette m�ethode permet, �a �energie �egale, de produire

des pressions jusqu'�a six fois plus �elev�ees qu'en r�egime direct (i.e. sans couche de con�nement) tout

en maintenant la pression appliqu�ee pendant une dur�ee deux fois plus �elev�ee, de l'ordre de deux fois

la dur�ee d'impulsion laser. Cette con�guration pr�esente cependant une limitation importante. Au

del�a d'une intensit�e seuil, un plasma de claquage se cr�ee �a lasurface ou �a l'int�erieur du mat�eriau

de con�nement. Ce plasma a pour e�et d'absorber une partie de l'�energie laser incidente et par

cons�equent de r�eduire l'�energie e�ective apport�ee en surface de la pi�ece �a traiter, diminuant de fait

les pressions produites ainsi que leurs dur�ees d'application. Aujourd'hui deux con�gurations de LSP

con�n�e industrielles existent : Le LSP "classique" pour lequel les �energies laser sont �elev�ees (de l'ordre

de quelques J), avec des dur�ees d'impulsion de l'ordre de 10 ns,des diam�etres de tâche laser de plusieurs
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mm, des taux de recouvrement tir �a tir assez faibles et une fr�equence d'impulsion faible. Avec ces

param�etres, un revêtement thermoprotecteur est aussi utilis�e a�n d'�eliminer les e�ets thermiques

induits en surface par le rayonnement laser et qui engendrent des contraintes r�esiduelles de traction

s'opposant aux e�ets recherch�es. Cette con�guration est principalement utilis�ee dans le domaine de

l'a�eronautique pour le renforcement du comportement en fatigue et la r�esistance �a la propagation des

�ssures des pi�eces trait�ees. La deuxi�eme con�guration est une m�ethode de traitement mise au point

par Sano en 1997 pour le traitement de cuves immerg�ees dans le domaine dunucl�eaire par la soci�et�e

Toshiba. Cette con�uration appel�ee m�ethode Toshiba utilise des �energies faibles (quelques centaines

de mJ), des dur�ees d'impulsions de l'ordre de 5 ns, des diam�etres de tâche laser inf�erieurs au mm et

un taux de recouvrement tir �a tir �elev�e, le tout avec une fr�eq uence d'impulsion de plusieurs dizaines

voire centaines de Hz. Aucun revêtement thermoprotecteur n'est utilis�e ce qui pose la question des

potentiels e�ets thermiques en surface de la pi�ece trait�ee. Malgr�e ces e�ets potentiellement d�el�et�eres

les contraintes r�esiduelles de compressions induites dans le mat�eriaux sont su�santes pour assurer

une am�elioration du comportement en fatigue ainsi que de la r�esistance �a la propagation des �ssures

des pi�eces trait�es. Dans le domaine a�eronautique, c'est la premi�ere con�guration qui est actuellement

exclusivement utilis�ee en r�egime con�n�e par eau. Cependant l'utilisation d'un tel con�nement am�ene

des contraintes. Ainsi, il est impossible de traiter les surfaces claustr�ees telles que l'int�erieur d'ailes

d'avion ou encore des al�esages de petites dimensions dans lesquels l'�ecoulement de l'eau ne peut

être correctement contrôl�e, rendant impossible la mise en place du proc�ed�e. L'autre limitation du

traitement par le con�nement eau r�eside dans l'impossibilit�e de son utilisation sur des surfaces proches

d'�equipements �electroniques comme on peut en trouver dans les cockpits par exemple. Dans ces

conditions le d�eveloppement d'une alternative au con�nement par eaupour r�epondre �a ces applications

sp�eci�ques est indispensable. A la suite d'�etudes men�eespar D. Courapied en 2016, l'utilisation

d'un �elastom�ere adh�esif acrylate comme con�nement a permis de g�en�erer des niveaux de pression

prometteurs. Les adh�esifs polym�eres apparaissent donc comme �etantdes candidats potentiels pour

ce type d'application du fait de leurs nombreux avantages. En e�et, leur 
exibilit�e leur permet de

s'adapter �a di��erentes formes complexes. De plus, les nombreuses possibilit�es de formulation laissent

entrevoir des possibilit�es d'adaptation du polym�ere en fonction de l'application vis�ee ou encore du

mat�eriau �a traiter pour s'orienter vers un mat�eriau "sur mesure" en fonction de la situation. C'est

dans ce cadre que le projet FORGE, dont ce travail de th�ese fait partie, �a �et�e mis en place. Il regroupe
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le PIMM, le CNRS, le CEA ainsi que des acteurs industriels tels que Thal�es, Rescoll, Imagine Optic

et Airbus a�n de d�evelopper une m�ethode de traitement par Laser Shock Peening en utilisant un

con�nement solide pour traiter des pi�eces pour l'instant inaccessibles avec la con�guration actuelle,

que ce soit en pr�e-traitement ou en entretien sur les appareils d�ej�a en service.

Objectifs FR

Les objectifs de ce travail de th�ese sont multiples. Tout d'abord obtenir une compr�ehension plus

�ne de l'int�eraction laser-mati�ere durant le proc�ed�e de laser shock peening lors de l'utilisation d'un

con�nement polym�ere. Un travail sur les autres proc�ed�es prenant place aux di��erentes interfaces

(air/polym�ere et polym�ere/cible) pendant le choc laser est aussi n�ecessaire. Une �etude du con�nement

eau soit aussi être men�ee en parall�ele a�n d'avoir un point de comparaison de r�ef�erence et des donn�ees

comparables avec la litt�erature d�ej�a existante sur le sujet.

Un des axes de recherche consiste �a comparer les r�esultats obtenusen utilisant di��erents types

de con�nements polym�eres a�n d'observer les e�ets sous-jacents prenant place au cours du proc�ed�e

laser. Une autre partie du travail se concentre sur l'�etude des m�ecanismes d'endommagement, �a la fois

thermiques et m�ecaniques qui prennent place dans le polym�ere de con�nement au cours de l'int�eraction.

En e�et, la litt�erature disponible sur ce sujet est inexistant e dans la gamme des �energies atteinte par

laser et sur les mat�eriaux d'int�erêt de cette �etude.

Les param�etres laser vis�es pour l'application �nale par Airbus sont des �energies laser de l'ordre de

quelques GW/cm2 avec une dur�ee d'impulsion de quelques ns et un diam�etre de t^ache laser de moins

de 1 mm. La longueur d'onde utilis�ee �etait dans un premier temps de532 nm pour la caracterisation

en laboratoire pour ensuite passer �a un laser 1064 nm d�evelopp�e par Thales avec un set de param�etres

correspondants �a l'utilisation �nale. Le changement de longueur d'ondeest crucial dans le cadre d'une

utilisation industrielle avec transport par �bre optique, l'util isation d'un laser 1064 nm permettant

d'�eviter des e�ets non-lin�eaires dans la �bre qui servira �a at teindre les zones di�ciles d'acc�es. Le reste

des param�etres est proche de ceux utilis�es par la m�ethode Toshiba qui permet la r�eduction des e�ets

thermiques et donc �evite l'utilisation d'un revêtement ther mo-protecteur.

Si la compr�ehension de l'int�eraction laser-mati�ere dans une telle con�guration est bien comprise, le

design des polym�eres de con�nement pourra être adapt�e en faisant varier leur propri�et�es en fonction
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de l'utilisation choisie.

Ce manuscrit pr�esente le travail r�ealis�e au cours des trois ann�ees de ce doctorat qui consiste �a

trouver , caract�eriser et �etudier un polym�ere pouvant être un c andidat potentiel pour être utilis�e comme

alternative au r�egime con�n�e eau de l'application laser shock peening en environnement industriel. Le

premier chapitre pr�esente le proc�ed�e de laser shock peening ainsi que les principaux ph�enom�enes

y prenant place alors qu'une deuxi�eme partie pr�esente les propri�et�es m�ecaniques et thermiques des

polym�eres attendues pour une utilisation en tant que con�nement.

Le deuxi�eme chapitre pr�esente les mat�eriaux et m�ethodes uti lis�es pour les di��erentes exp�eriences

r�ealis�ees durant ce travail de th�ese. Cette description part d u choix des mat�eriaux utilis�es comme

cible et con�nement tout en d�ecrivant aussi les techniques utilis�ees pour les caract�eriser au cours du

proc�ed�e LSP.

Le troisi�eme chapitre se concentre dans une premi�ere partie sur le choix d'un con�nement remplis-

sant les crit�eres n�ecessaires �a son utilisation en tant que con�nement pendant qu'une seconde partie

�etudie les e�ets des di��erents param�etres de ce con�nement sur la pression produite par choc laser.

Une derni�ere partie pr�esente des r�esultats de mesures de contraintes r�esiduelles r�ealis�ees en utilisant

le con�nement polym�ere s�electionn�e au pr�ealable.

Le quatri�eme chapitre d�ecrit tous les r�esultats obtenus d'exp�eriences visant �a obtenir une meilleure

compr�ehension du comportement m�ecanique des mat�eriaux polym�eres choisis sous des conditions de

chargement trouv�ees lors d'un choc laser (haute pression et vitesse de d�eformation).

Une conclusion sur le travail r�ealis�e vient clore le manuscrit et est accompagn�ee de perspectives

sur les exp�eriences futures possibles �a r�ealiser a�n de pouvoir mieux comprendre les ph�enom�enes mis

en jeu lors du proc�ed�e de LSP avec en r�egime de con�nement polym�ere.
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Introduction

This chapter presents the di�erent elements that take place this project work. It is separated in

two distinct parts, one pertaining to the laser aspect of the work while the other is focused on the

polymer aspect of project.

The �rst part begins with a comprehensive laser shock peening history is presented in order to

give the reader a sense of the process as a whole from where is started to the way it is used nowadays

with its advantages and drawbacks. Thereafter, a detailed presentation and explanation of the laser

shock peening process is given and opens to the e�ects induced bythe process, be they bene�cial or

detrimental to the piece treated. Thus the di�erent breakdown t riggering phenomena as well as their

e�ects on the laser shock peening process are detailed. The potential thermal e�ect are described

followed by the residual stress induced by the treatment. After the description of the process as a

whole, the key parameters of laser shock peening are also covered and linked to the speci�c needs of the

project and the �nal aim targeted. The laser part is concluded with the challenges of the application

described and the means that will be used to tackle them.

The second part, is focused on the polymer aspect of the project work.First, a presentation of the

literature available on the interaction between polymers and laser ispresented as well as the damaging

mechanisms involved in such a type of interaction. Then, properties that a polymer needs to have

in order to be a good candidate for the laser shock peening application are described. Thereafter,

a potential class of polymers, the pressure sensitive adhesives arepresented as good candidate to be

used as con�nement for the laser shock peening process. Their properties are then described as well

as the general phenomena that take place in this type of materials. The chapter is continued with

a description of the mechanical behaviour of such material under high strain rate and/or pressure,

followed by a brief overview of the models available to representthese e�ects. The chapter is then

closed with a conclusion on the needed properties for the con�nementthat will be chosen for the

treatment of the work pieces involved in this project.

Historique du laser shock peening

Les premi�eres d�ecouvertes ayant men�e au d�eveloppement du laser shock peening (LSP) moderne

ont commenc�e dans les ann�ees 60 avec l'expansion des technologies de lasers puls�es [1]. L'�etude de
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l'interaction laser-mati�ere avec di��erents mat�eriaux a condui t �a des mesures de pression sur les surfaces

ablat�ees par impulsion laser avec des sondes pi�ezo�electriques[2]. Une avanc�ee majeure a �et�e r�ealis�ee en

1970 quand Anderholm d�ecouvrit que la pression produite par un choc laser pouvait être grandement

augment�ee en con�nant le plasma produit en pla�cant un mat�eriau di�e lectrique (dans ce cas un quartz),

transparent au rayonnement laser, sur la cible [3]. Au d�ebut des ann�ees 70, des �etudes ont commenc�e

sur les e�ets du grenaillage laser appliqu�e sur des cibles m�etalliques �a l'institut Battelle �a Columbus en

Ohio. Ces travaux ont montr�e une am�elioration des propri�et�es m�ec aniques de la zone trait�ee par LSP

[4]. Les �etudes men�ees durant cette p�eriode �etaient limit�e es par le faible nombre d'�echantillons �etudi�es

ainsi que par le manque de m�ethodes de caract�erisation pr�ecises.Par la suite, le d�eveloppement du

proc�ed�e de grenaillage laser a ralenti aux USA par manque de source laserutilisable dans un cadre

industriel. Dans le même temps, cette p�eriode correspond au d�ebut d'un certain nombre d'�etude en

France sur di��erents aspects du proc�ed�e de LSP : l'interaction con�n�ee [5, 6, 7, 8], la caract�erisation

des ondes de choc [9], les e�ets m�ecaniques induits [10, 11, 12], les propri�et�es en fatigue [13, 14],

l'�ecaillage [15, 16] ou encore la densi�cation de poudre [17]. Pendant les ann�ees 90, de nouvelles

sources laser ont �et�e d�evelopp�e, accompagn�ees par des diagnostiques d'analyse des ondes de chocs

plus pr�ecis [16, 18, 19]. Ces nouveaux outils ont lanc�e un renouveau dans larecherche associ�ee au

domaine du choc laser et ont permis le d�ebut de l'industrialisationdu proc�ed�e au travers le traitement

de pales [20]. Au même moment, le proc�ed�e �etait aussi d�evelopp�e pour son utilisation dans l'industrie

nucl�eaire [21]. Cet int�erêt de la part de l'industrie fut motiv �e par les avantages du grenaillage laser par

rapport au grenaillage � classique� ; un mat�eriau trait�e par LSP a une profondeur de zone a�ect�ee

par le traitement plus grande qu'un mat�eriau trait�e par grenaillage. Les contraintes r�esiduelles dans

le mat�eriau sont aussi plus fortes, conduisant �a de meilleures propri�et�es de comportement en fatigue

ou en r�esistance �a la corrosion. En parall�ele au d�eveloppement industriel, de nouvelles �etudes furent

lanc�ees, notamment en France pour �etudier plus en d�etail les propri�et�es en fatigue [22], en r�esistance

�a la corrosion [23] et en propagation de �ssures [24]. Cette p�eriode vit aussi le d�ebut de la recherche

dans le domaine par la Chine par des chercheurs comme Zhang [25]. Dans lesann�ees suivantes, le

nombre de brevets associ�es au proc�ed�e de grenaillage laser a augment�e de mani�ere importante avec

l'industrialisation rapide de la technique (�g. 1.1a). A partir de cet te p�eriode, l'utilisation du LSP

en industrie a commenc�e �a d�ecoller avec la cr�eation d'entreprises comme LSP Technologies en 1995

qui a commenc�e �a o�rir des solutions de LSP �a l'�echelle industr ielle ou encore la Metal Improvement
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Company, cr�e�ee en 1945 mais qui commence �a proposer des traitements par grenaillage laser en 2003.

Grâce �a ces acteurs le proc�ed�e se d�emocratise dans le monde industriel mais aussi dans celui de la

recherche a�n de mieux comprendre les ph�enom�enes mis en jeu lors de l'interaction laser-mati�ere.

Depuis le d�ebut des ann�ees 2000, la simulation du proc�ed�e coupl�ee �a des exp�eriences est aussi devenue

un enjeu majeur dans le but de produire des outils pr�ecis permettant l'optimisation des di��erents

param�etres du proc�ed�e et d'acc�el�erer le d�eveloppement du LSP tout en r�eduisant son coût.

Aujourd'hui, le LSP est de plus en plus utilis�e �a l'�echelle in dustrielle bien qu'il soit r�eserv�e �a des

applications sp�eci�ques sur des pi�eces critiques dans le but de renforcer leur dur�ee de vie. D'autres

domaines �evoluent rapidement vers des applications industrielles comme le traitement de pi�eces pro-

duites par fabrication additive laser. Le traitement par LSP de ces pi�eces permet de corriger leur forme

grâce au grand contrôle apport�e par la mâ�trise des di��erents param�etres laser compar�e au grenaillage

classique [27, 28]. Le grenaillage laser, malgr�e son coût de mise en �uvre plus �elev�e �a d�esormais montr�e

son e�cacit�e pour le renforcement des propri�et�es m�ecaniques d e pi�eces critiques.

Lors de la mise en �uvre du proc�ed�e, le mat�eriau de con�nement cl assiquement utilis�e est l'eau

pour sa transparence, et sa facilit�e �a cr�eer un contact e�cace avec la cible �a traiter. Un des obstacles

�a l'extension de l'utilisation du LSP est l'impossibilit�e d'ut iliser dans l'eau dans le cas du traitement

de certaines pi�eces dans des lieux avec des atmosph�eres r�eactives, des zone dans lesquelles on peut

trouver de l'�electronique embarqu�e ou encore toutes les zones ou les projections d'eau ne peuvent

être nettoy�ees avec certitude dans le cas du traitement de structure d�ej�a assembl�ees. Une solution

serait de remplacer l'eau de con�nement par un mat�eriau solide, commed�ej�a montr�e dans les travaux

de Anderholm avec l'utilisation de quartz comme mat�eriau con�neur [3]. Cependant, l'utilisation de

verres rigides pour le traitement de pi�eces de g�eom�etrie complexe n'est pas possible, il faut donc trouver

un mat�eriau 
exible s'adaptant �a ces formes particuli�eres. Un poly m�ere 
exible apparait comme un

candidat prometteur pour de telles applications. Des polym�eres, sous forme rigides ont d�ej�a �et�e �etudi�e

dans la litt�erature par Hong et al. [29]. Dans ce travail les auteurs ont �evalu�e l'in
uence du mat�eriau

de con�nement sur l'imp�edance r�eduite du syst�eme et sur la p ression �nale produite par les chocs laser

sans �etudier le potentiel de ces mat�eriaux pour �eventuellement remplacer l'eau en tant que con�nement

pour des applications �a l'�echelle industrielle. Une autre approche d�evelopp�ee pour le traitement par

grenaillage laser consiste �a utiliser une param�etrie di��erente d �evelopp�ee par Y. Sano et al. [30, 21] en

utilisant des tâches laser plus petites coupl�ees �a un taux de r�ep�etition �elev�e qui permet de s'a�ranchir
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de l'utilisation d'un revêtement thermo-protecteur tout en �ev itant les e�ets thermiques de surface

induits par le plasma lors du traitement.

Si toutes les �etapes du proc�ed�e, du dimensionnement jusqu'autraitement laser, sont correctement

maitris�ees, le LSP en r�egime con�n�e par eau ou par polym�ere pourra devenir de plus en plus usit�e,

entre autres sur des pi�eces critiques l�eg�eres n�ecessitant une dur�ee de vie �elev�ee.
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1.1 A brief laser shock peening history

The �rst discoveries leading to the development of modern-day laser shock peening (LSP) started in

the 1960s with the spread of pulsed laser technology [1]. The study of laser interaction with di�erent

materials led to pressure measurements on a surface ablated by a pulsed laser with piezoelectric

momentum transducer [2]. A major breakthrough occurred in 1970 when Anderholm discovered

that the pressure delivered through a laser shock could be greatly improved by con�ning the plasma

produced by placing a dielectric (in this case a quartz overlay), transparent to the laser beam, on the

target [3]. At the beginning of the 1970s, studies on the e�ect of LSP appliedon metallic targets

began at the Battelle institute in Columbus, Ohio and demonstrated an improvement of mechanical

properties in the treated area [4]. The studies from that period were still limited due to the low

numbers of sample studied and the lack of �tting and accurate characterization methods.

After that, the development of the subject was slowed down in the United State since no laser

sources allowed for an industrial application yet. On the other hand this period corresponded to the

beginning of a number of studies in France on di�erent aspects of the process: con�ned interaction

[5, 6, 7, 8], shockwave characterization [9], mechanical e�ects induced[10, 11, 12], fatigue properties

enhancement [13, 14], 
aking [15, 16] or powder densi�cation [17].

During the 90's new laser sources were developed as well as more accuratecharacterization diag-

nostics for shockwaves [16, 18, 19]. These new tools gave a second breath tothe research in the domain

and started the industrialisation of the process in the aerospace industry with fan blade treatment

[20] while the process was also developed for applications in the nuclear industry [21]. This industrial

interest steams from the advantage of laser peening compared to conventional peening. A material

treated by LSP has a much larger a�ected depth than a material treated by conventional peening as

well as higher compressive residual stresses induced, leading tobetter fatigue and corrosion resistance

properties.

In parallel of the industrial development, new studies began in France among others on fatigue

properties [22], corrosion [23] and crack propagation [24]. This period also sawthe start of research

in China on the subject by Zhang [25].

In the incoming years, and with the understanding that the processcould be industrialised quickly,

the number of patent started to drastically increase (�g. 1.1a).
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(a) (b)

Figure 1.1: (a) Growth of the number of patents associated with laser shock peening through the years
(from [26]), (b) Growth of the number of publication associated with laser shock peening through the
years.

From this period, laser peening use started steadily rising withcompanies like LSP Technologies

created in 1995 which began o�ering industrial laser peening solutions orthe Metal Improvement

Company, created in 1945 and that started proposing laser peening solutionsin 2003. Thanks to

that, the process became more popular in the industry while also being researched to understand

the underlying phenomena occurring during the laser treatment. Since the beginning of the 2000's

modelling is also coupled with the experiments in order to produce tools to ease the optimization of

the di�erent parameters of the process, further accelerating industrial implementation.

Today, LSP at an industrial scale, although chosen for speci�c applications, is more and more

applied in the aerospace and automotive industry for the treatment of sensitive areas on certain parts

to increase their lifetime. Other �elds are rapidly evolving towards industrial applications such as the

treatment of parts produced by additive manufacturing. LSP treatment of these types of materials

allows more shaping and forming possibilities as well as shape correction treatment due to the highly

controlled nature of the process compared to conventional shot peening[27, 28]. Coupled with the

deeper levels of residual stress produced, it has shown to be highly cost e�ective despite its higher

operating cost compared to conventional shot peening.

Water is the usual con�ning material because it is cheap, transparent to the laser, and ensures

contact with surfaces. One of the obstacles to extending LSP's applications is the impossibility of using

water in a reactive atmosphere or near electronic devices as well as areaswhere water can be retained if
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not collected properly in the case of treatment of already assembled structures. A solution to this issue

should be a solid material, as demonstrated by the pioneering work on laser shock [3]. However, the use

of rigid glasses for the treatment of pieces presenting complex geometries such as the ones encountered

in the aerospace industry is impossible. In contrast, a soft polymer con�nement, with its adaptability,

shaping possibilities, and wide range of formulations and properties, is an ideal candidate for this type

of need. Laser shock peening with polymer con�nement has been studied only by Hong et al. [29]. The

authors evaluated only the in
uence of the con�ning medium used on mechanical impedance, without

carrying out a complete investigation of the performances exhibited by these materials. Consequently,

a large �eld is open to carry out studies on potential new con�nement, from their capacity to treat a

material to there implementation to maybe replace water in some applications.

Another approach to optimize the laser shock peening process lies inthe use of a di�erent para-

metric. As shown in the Work of Y. Sano et al. [30, 21] the use of smaller laser spot coupled with

a high shot repetition rate allow to avoid the use of a thermal coating usually placed on top of the

surface to treat to remove the thermal e�ects induced by the lasertreatment and can lead to new

development in the way LSP will be applied in the future.

If every step of the process is correctly mastered, LSP could, withwater and/or polymer con-

�nement, become more and more used, especially on light critical structures with high service life by

coupling optimized dimensioning with accurate modelling of the parts from their machining to the

LSP treatment they will be treated with.

1.2 Laser shock peening process

Laser Shock Peening consists of focusing a pulsed laser (usually a ns pulse, GW/cm2 energy) at

the surface of a material. The incident energy is absorbed by a thin layer of the material up to its

vaporisation and ionisation to form a plasma. The release of the plasma induces, by kickback e�ect,

a pressure which is applied on the surface of the treated material. The stress created propagates

through the material as a shockwave which modi�es the matter properties while another shockwave is

propagated in the opposite direction through the air. This con�guration is generally used in laboratory

setting for the study. A recap of the di�erent e�ects taking place d uring the process depending on the

use or not of a thermal coating is given in �gure 1.2.
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Figure 1.2: Di�erent e�ect induced by the laser shock peening process when used with or without a
thermal coating and the di�erent physical parameters involved.

1.2.1 Direct regime

If the interaction occurs directly at the surface of the material, the plasma created is released in

vacuum or void and the pressure induced will be low and applied for a time equivalent to the length

of the laser pulse (< 1 GPa) (�g. 1.3a). This con�guration is mainly used in lab setting for the st udy

of the laser-matter interaction or pressure produced in large facilities [31, 32].

1.2.2 Con�ned regime

The con�ned regime consists of applying a transparent overlay, a dielectric material (water, quartz,

polymer), on top of the surface to be treated. Under this con�guration, the plasma generates at the

interface dielectric/target and its expansion is hindered by the con�nement. Since the plasma is

contained in a smaller volume, its heating through the incident laserenergy from the pulse is favoured

compared to the direct regime. As a result, the pressure producedwill be higher (6 to 10 times) and

its time of application will be approximately two times longer than the laser pulse duration (�g. 1.3b).

The higher pressures produced induce higher residual stressesbut also allow to treat materials
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Figure 1.3: Laser Shock Peening principle, (a) direct regime and (b) con�ned regime

with higher elastic limits and thus gives a broader range of possibilityto the application of the LSP

treatment.

The phenomena at work during con�ned regime laser shock were studied by some such as Ander-

holm [3], Fournier [5], Devaux [7] and Berthe [33] or modelled by others like Fabbro [6] or Sollier [34]

in order to calculate the pressures induced by a laser shock depending on the laser intensity used. An

important parameter to characterize the laser-matter interaction is the laser energy absorption. It is

in
uenced by other parameters such as the laser wavelength, the pulse duration and the laser intensity.

The studies cited above brought up three main steps to describe the pressure production during the

laser shock process:

ˆ During the laser pulse, the incident energy is completely deposited at the interface dielec-

tric/target. If the absorbed energy is su�cient, the target starts to v aporize to create a plasma.

The pressure generated induces a shockwave which propagates both inthe con�nement and in

the shocked material. These two shockwaves D1 and D2 put into motion the matter behind them

at the material speeds u1 and u2 (see �gure 1.4. Consequently, the interface between the two

media simultaneously starts to separate with a growing width L(t):

L (t)( �m ) = 2 :10� 4 P(t)(GP a)� (s)
Z (g:cm� 2:s� 1)

(1.1)

With P(t) the pressure depending on the time,� the pulse duration andZ the reduced impedance

of the system (Z = (1 =Z1) + (1 =Z2)).
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ˆ After the laser pulse the plasma starts to adiabatically cool down. At this point the thermal

exchange with the surrounding materials are neglected. As a result,the pressure slowly decreases

while following the cool down trend.

Figure 1.4: Geometry for the con�ned laser shock scenario.

In every step the gas is considered perfect and the heat exchange withcold materials are neglected.

The �rst step is more detailed in Fabbro's work [6]. It shows that the l aser absorption is higher in

con�ned regime than in the direct one. Figure 1.5 demonstrates that theincident laser absorption is

not linear depending on the laser intensity. At low intensities (< 1 GW/cm ²) the re
ectivity is close

to the normal re
ectivity of the cold target. As the intensity increas es, the re
ectivity decreases as

it becomes governed by an inverse bremsstrahlung phenomenon. Thisin
exion is a witness of the

initiation of the con�ned plasma. When the power density reach a threshold (I> 10 GW/cm ²) the R%

becomes constant which show the apparition of a breakdown plasma.

1.2.3 Breakdown

Although the con�ned regime is the one currently used for laser peening treatment, this con�gura-

tion have some drawbacks. Mainly the potential creation of a breakdown plasma at the surface of the

con�nement at high energies on top of the "normal" plasma. This breakdown plasma can absorb a part

of the incident laser pulse, thus reducing the pressure produced by the treatment and also shortening

the length of the pressure application. Details on this phenomenon can be found in Berthe work [35]

(see �gure 1.6):
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Figure 1.5: Re
ectivity depending on the laser intensity for an aluminium target, water con�nement,
shocked with a 3 ns Gaussian pulse with a 1064 nm lase (from [7])

Figure 1.6: Peak pressure measurements from reference [36], and transmitted power density Ft as a
function of incident power density F0 (from [35]) for a 1064 nm laser, 25-30 ns laser pulse duration at
full width at half maximum, spot diameter = 3 mm.

1.2.3.1 In
uence on transmitted pulse duration

A way to characterise the apparition of a breakdown plasma is by measuring the Full Width Half

Maximum (FWHM) of the transmitted laser pulse (Figure 1.7). The breakd own plasma initiation
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induces a shortening of the FWHM. Depending on the laser intensitythe breakdown plasma can

appear before or after the peak pressure. That means that at laser intensities a little bit higher than

the breakdown threshold, the maximum of the laser pulse pressure is reached but the pulse duration

is shortened (�gure 1.7.2). At higher power densities the breakdownplasma is formed before the

maximum pressure of the shot is attained causing both the pressure andpulse duration to decline

(�gure 1.7.3) [37].

Figure 1.7: Breakdown plasma initiation depending on the laser intensity - in
uence on the transmitted
pulse. (1.) Normal pulse, (2.) Transmitted pulse at a laser intensitya little higher than the breakdown
threshold and (3.) Transmitted pulse at a laser intensity even higher than (2.).

1.2.3.2 Triggering phenomena

Two main phenomena govern the breakdown plasma initiation: namely the multiphotoionisation

and electronic avalanche processes.

ˆ Multiphotoionisation: One of the breakdown inducing phenomenon is the multiphotoionisation

(MPI) that appears during laser irradiations of the con�nement. It is d ependent on parameters

such as the wavelength, the pulse duration or the intensity. A breakdown plasma is triggered

when the electronic density goes higher than the energy threshold ofthe atoms illuminated. In

the case of laser shock, it takes the form of a plasma created at the surface of the con�nement

used an absorbs the incident laser energy, thus reducing the overall e�cacy of the process. The

electronic density threshold which induces the breakdown plasma is called the critical density

nc. The phenomenon of photoionisation consists in bringing energy is the form of photons to a

surface. If the photon energy is higher than the ionization threshold, the atom will be ionized.

k(h� ) ! e� + A+ (1.2)
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In the case of multiphotoionisation, multiple photons with an energy lower than the ionization

threshold combine their energy in order to reach the su�cient energy to ionizes the atom. The

triggering of the phenomenon is dependent on the energy threshold compared to the photons

energy (i.e. number of combined photons energy in order to reach the threshold). Experiments

showed that MPI is favoured by lower wavelengths whereas the pulse duration has no signi�cant

e�ect on the threshold even though is slightly decreases with long pulses. Overall the process

only needs 3 to 4 photons to be triggered making it hard to avoid during atypical laser shot.

ˆ Electronic avalanche: The second phenomenon taking place in the breakdown plasma formation

is the electronic avalanche. If the atoms ionized by the laser pulse have su�cient energy, they

can ionize surrounding atoms by collision through the inverse bremmstrahlung process. At each

collision a new electron is produced, which leads to an exponential growth of the electron number

until the critical density nc is reached. The phenomenon is described with the following equation:

e� + h� + A ! 2 e� + A+ (1.3)

For this process to take place, seed electrons are needed in the areaseeing the laser shock. The

energy needed to reach the ionization threshold is increased by the use of short pulses and shorter

wavelengths. Generally, during a laser interaction the multiphotoionisation at low laser energies

�rst takes place, and produces the seed electrons required for theelectronic avalanche to take

place and trigger the formation of a breakdown plasma. The seed electrons can also be present

naturally in the material.

The laser parameter in
uence can be considered as follow: high laser intensity favours the start

of both the phenomena while a short pulse duration reduce the probability of the two phenomena.

The wavelength in
uence is dependent on the mechanism concerned. At shorter wavelengths the

MPI process is favoured while the electronic avalanche is attenuated. During experiments at 532 nm,

electronic avalanche will be the breakdown triggering factor while at1064 nm it will be the MPI.

[38, 39]. In the case of a polymer con�nement, the laser shot repetition inthe material is expected

to induce the creation of thermal damaging that will act as seed electronsfor the electronic avalanche

phenomenon to be triggered. The MPI triggering will be more in
uenced by the transparency of the

con�nement (i.e its capacity to absorb the incident laser energy).
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1.2.3.3 Pulse length in
uence

Measurements have been realised with di�erent pulse duration toassess its e�ect on the pressure

produced by laser shock. The results of di�erent works with 1064 nm lasers on water con�ned alu-

minium targets is given in �gure 1.8. The maximum pressure produced were measured for 600 ps, 10

and 25 ns Gaussian pulses and 3 ns square pulse [40, 39, 36]. For each con�guration the results is

divided in two parts:

ˆ Under the breakdown threshold the pressure grows with the laser intensity following a P /
p

I

trend

ˆ Once the breakdown threshold is reached, the pressure starts to saturate.

Figure 1.8: Maximum pressure depending on the laser intensity witha 1064 nm laser with pulse
duration of 600 ps, 3 ns, 10 ns and 25 ns (Respectively from [40, 39, 36]).

The breakdown threshold is modi�ed depending on the pulse duration used, it is decreasing with

a shorter pulse duration. For the 10 ns and 25 ns pulse duration the pressure plateau starts around

10 GW/cm ². For a 3 ns square pulse it appears only at 30 GW/cm² and at 60 GW/cm² with a 600

ps Gaussian pulse. The decrease in pulse duration is accompanied by a lower maximum pressure:

the maximum pressure for 10 and 25 ns pulse is 5 to 6 GPa while for the 3 ns and 600 ps shots

the maximum pressure reaches up to 7 - 8 GPa. One could think that decreasing further the pulse

duration could be an easy way to reach higher pressures but studies bySchoen showed that with a
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1053 nm, 10 ps pulse on copper targets with a glass con�nement the pressurevary linearly with the

laser intensity as opposed to what was observed with longer pulses before [41]. The plasma expansion

in this type of con�guration takes place in a distance so short the it is inferior to the rugosity of the

glass con�nement, causing the plasma to expand in air like in a directregime.

The shape of the pulse can also plays a role. Devaux [7] demonstrated thatusing pulses with a

sharp rising edge was bene�cial by comparing laser shot with the same pulse duration but di�erent

pulse shapes. His experiments showed that compared to a regular Gaussian pulse showing a pressure

saturation at 5 - 6 GW/cm ², the use of a pulse with a sharp rising edge allowed to reach 10 GW/cm²

before saturation.

These studies direct the choice of laser pulse parameters toward short pulse with sharp rising edge.

However, for laser shock peening treatment the pulse duration also in
uence heavily the depth of

plasti�cation, so to say the depth of the compressive residual stresses. Thus a compromise is found

with pulse durations between 3 to 10 ns.

1.2.4 E�ects induced by the treatment

Laser Shock Peening treatment induces di�erent e�ects in the treated material. First, an increase

of the default density due to the plastic deformation of the matter. The plasti�cation also creates a

residual stress �eld cause by the heterogeneity of plastic deformation between the surface and the core

of the material. Another factor is the sinking of the surface matter and the change in rugosity as well

as the hardness. In the case of a treatment without using a thermoprotective layer, thermomechanical

(stress relaxation, melting) and thermochemical (corrosion) e�ectscan be observed.

1.2.4.1 General mechanical e�ects

The laser shock peening treatment is a process where the materialtreated undergoes a mechanical

loading. The pressure loading induces an uniaxial compression of the targeted area while the planes

parallel to the surface in the surrounding matter are put under tensile loading. The plasticised matter

pushes the neighbouring material (�g. 1.9 (a)) while the still elastic matter responds by compressing

the plasticised area, thus inducing compressive residual stresses (�g. 1.9b).

In order to further develop laser shock peening treatment and to optimize it, Ballard studied

modelling of the mechanical e�ects of a fast impacts (high strain rate"_) with an elasto-plastic model
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which responds to Von-Mises yield criterion [42] in the case of a system of longitudinal plane waves

with a purely uniaxial deformation [10]. The model shows the importance of the Hugoniot Elastic

Limit (HEL) noted PH of the material. The HEL draws the line between two shockwave propagation

regimes:

ˆ If the impact pressure is < PH the shockwave propagates has an elastic wave having no e�ect

on the matter is goes through.

ˆ If the impact pressure is > PH the shockwave propagates as a mix of elastic and plastic waves

inducing plastic deformation and resulting residual stresses.

Figure 1.9: Mechanical e�ects induced by LSP treatment. (a) Plasti�cat ion and (b) Compressive
residual stress production

Ballard's work shows that the plastic deformation induced by the treatment begins atP > P H and

saturates at pressure> 2PH (�gure 1.11). The optimal treatment pressure is shown to be around2 to

2:5PH and exhibit the highest deformation at the surface of the material. This result shows that the

optimal pressure treatment is only dependant on the mechanical properties of the target shocked. The

model also allows for the calculation of the maximum induced residual stress and compares it with

experimental results from Ballard [10] and Peyre [43]. The maximal amplitude for residual stresses is

close to 0.6 to 0.7� Y (or Rec), the elastic limit for compressive load of the base material (�g. 1.10)

(Rec � Re, the elastic limit under traction).

The results given are residual stresses located at the surface of thetarget where the pressure

and deformation are maximal. It also does not cover cases of multiple shotsand overlapping (shots
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Figure 1.10: Maximum super�cial residual stresses for mono-impact lasershots depending on the
mechanical properties of the metal treated from [34]

location share an area depending on the spacing between shots) in which strain-hardening can play an

important role depending on the metal. Some other results of Ballard's work are given in appendix A.

Figure 1.11: Evolution of the plastic deformation induced by laser peening in function of the impact
pressure

1.2.4.1.1 Depth of the plasti�ed area

It is possible to obtain the plasti�ed depth by a laser shock thanks to Ballard's calculations for any

shock conditionsP and � and for any material (PH ) for a nearly Gaussian pressure pro�le (between

rectangular and triangular):
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Lp =
cpce�

ce � cp

P
2PH

(1.4)

With L p the plasti�ed depth, cp the plastic celerity of the wave, ce the elastic celerity of the wave

and P the pressure. The calculation is based on an elasto-plastic model witha Von-Mises criterion,

put into motion by an uniaxial deformation composed of a system of longitudinal plane waves.

1.2.4.1.2 E�ect of laser shock on hardness

The hardness of a material is a measurement of its resistance to localized plastic deformation

induced either by mechanical indentation or abrasion. An increase of thehardness can be linked to

an improvement of the elastic limit ( � y) of the material. This change of elastic limit is important in

the case of laser shock peening treatment with high overlap and/or multiple pass. Shots applied on

an already plasti�ed surface with a di�erent tensile strength indu ce di�erent e�ect. Because of that

an appropriate law to represent the strain hardening of the material must be chosen if one wants to

accurately model the laser shock peening process. The LSP process induces an increase of the treated

material surface hardness caused by the increase in dislocation density (linear defect or irregularity in

the crystal lattice [44]). The plasti�cation induced by laser shock is also caused by the dislocations

being generated at the shock front. There are three types of hardnessmeasurements:

ˆ Scratch hardness

ˆ Rebound hardness

ˆ Indentation hardness

In the case of laser shock peening, indentation measurements are usedto evaluate the e�ect of the

treatment generally with a Vickers hardness tester. For pure aluminium an improvement of 37.5%

(from 40 to 55 HV) was obtained after a single pass of LSP without coating (1064 nm , 7 mm

diameter spot, 20 J, 23 ns pulse, water con�ned) [45]. Comparison of the e�ect of a thermal coating

were studied for 6061-T6 aluminium (1064 nm, 1.5 mm diameter spot, 2.5 J, 8 ns, water con�ned,

black paint thermal coating) and are given in �gure 1.12.

On surface, the hardness reaches higher values after laser treatmentthan the untreated alloy

(respectively 120 and 121 for the LSPed ones and 110 for the untreated one). Onthe surface the
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Figure 1.12: Micro-hardness pro�le on a 6061-T6 aluminium sample cross section treated with 1064
nm, 1.5 mm diameter spot, 2.5 J, 8 ns, water con�ned shots (From [46]).

thermal coating appears not to play a signi�cant role but 200 � m under it induces a slightly higher

hardness compared to the sample treated without thermal coating. After 1mm depth the hardness of

all the sample reach a plateau around 108 HV. The same trend of improvement isreported for other

materials, for example aluminium alloys [47, 48], steels [49, 50] or titanium alloys [51].

1.2.4.2 General thermal e�ects

In the case of laser peening without thermoprotective coating, besides the mechanical aspect, the

surface of the material is also a�ected by thermal e�ects. Multiple t hermal e�ects are observed at the

surface of the material:

ˆ Ablation of the super�cial layers ( � 1 to 5 � m)

ˆ Fusion of the underlying matter (� 5 to 10 � m)

ˆ Creation of super�cial residual oxide at the surface (� 1 � m)

ˆ Creation of residual tensile stresses at the thermally a�ected surface (� 10 to 80 � m)

The creation of tensile residual stress is the exact opposite of the e�ect wanted with laser peening.

The phenomenon is explained on �g. 1.13. During the pulse the targeted area is thermally dilated and
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push the surrounding matter not a�ected by the laser shot. The matter not heated push the shocked

area to create compressive stresses (�g. 1.13 (a)). However, at the endof the laser pulse the matter

starts to cool down and contracts to have a smaller volume than at the beginning. To compensate

the loss of volume the surrounding matter has to pull the treated area to force it to retrieve its initial

volume (�g. 1.13 (b)). This e�ect induces tensile residual stresses. Under the thermally a�ected area

compressive residual stresses are imparted in the material the sameway as a treatment with thermal

coating.

Figure 1.13: Mechanisms involved in the creation of tensile stress at the surface of a shocked material.
(a) during the shock and (b) after the laser pulse.

1.2.4.3 Thermoprotective layer

In the classical laser peening con�guration, a thermal coating is placedon the surface of the

material to be treated to avoid detrimental thermal e�ects induced by the plasma heating. Typically,

during a laser shock treatment without any thermal coating, the heating of the surface will cause:

ˆ Ablation of a layer of matter at the surface (around 1 to 5 � m)

ˆ Creation of residual oxides at the surface of the treated area

ˆ Fusion of matter under the oxidized layer (around 5 to 10� m)

An example of the di�erence of surface after laser treatment with or without thermal coating is

given in �gure 1.14 for inconel 718 with a Nd:Yag laser (1054 nm) using a 20 ns pulse duration.
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The use of a thermal coating causes the plasma to be formed at the surfaceof the coating. The

thermal damages induced by the plasma heating are applied at the surfaceof the coating while only

transmitting a mechanical loading at the surface of the material of interest. Generally black paint is

used for its easy application of the surface of the material but aluminiumtape is also used is some

cases [52]. For some in-lab experiments, the con�nement chosen was moreoriginal with some research

using quartz crystals, Polymethylmethacrylate (PMMA) blocks or glass mainly for the demonstration

of the impedance mismatch theory such as in Hong et al. work [29] (more information in Appendix B)

but the thermal coating stays the same as opposed to another treatment method created by Y. Sano

[30, 21] which does not use any thermal coating to protect the surface on thematerials treated. This

con�guration induces di�erences on the surface �nish such as:

ˆ Topology/Roughness of the shocked piece

ˆ Surface hardness

ˆ Surface residual stresses

Figure 1.14: Representative images of (a) a single dimple after shot with aprotective overlay and (b),
(c) and (d) without any thermal coating (taken from [53])
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1.2.4.4 Residual stresses

As said earlier, the laser shock peening process improves the mechanical properties (fatigue and

corrosion resistance) of the treated material thanks to the compressive residual stresses imparted in

the treated material through its plasti�cation. In the case of a treatmen t with a protective coating,

inducing only a mechanical e�ect, the residual stresses are compressive on the surface through up to

a certain depth depending on the laser parameters and the type of material treated (see Equation

1.4). The plasti�ed depth can reach up to 2 mm for aluminium [54], 1.5 mm for steel [55], 1.2 mm

for titanium alloys [56, 57]. These experimental results show the importance of the elastic limit of the

material in the plasti�ed depth. The reduced depth a�ect by compre ssive residual stresses for titanium

alloys is explained by the higher yield stress (� y) of the titanium alloys compared to aluminium alloys

and steels. Figure 1.15a shows an example of the change of the residual stresses measured on a 2024-T3

aluminium alloys depending on the pressure applied, stressing the importance of the control over the

laser parameters and pressure optimisation while taking into account the limit of the application of

the process.

(a) (b)

Figure 1.15: (a) Residual stress measurement in a 6 mm thick 2024-T3 aluminium alloy (from [58]).
(b) Distribution of residual stresses with di�erent impact pres sures (�nite element modelling results)
(from [55]).

1.2.4.4.1 Treatment without thermal coating

During treatment without protective coating the surface is a�ected by mechanical and thermal

e�ects. As a consequence, during a shock, the already plasti�ed surface is heated while the subsurface
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is plasti�ed to induce compressive residual stresses. When theheated surface cools down it participates

to the relaxation of the compressive residual stresses present underneath and is thus put under tensile

residual stresses. Consequently, the resulting residual stresses at the thermally a�ected surface of the

treated part are tensile stresses.

A way to counter these drawbacks while not using a thermal coating isto use another con�guration

which was �rst presented by Mukai in 1995 [30] and was then developed mainly by Y. Sano for Toshiba

for the treatment of immersed nuclear tank [59, 60, 61, 62]. It uses high overlap between shots and

small laser spot diameter (< 1 mm). The use of a small laser spot induces the production of smaller

plasmas that, in turn, induce less thermal e�ects on the surface dueto the shortening of the plasma

release [63]. This process also uses a low energy laser (around some hundreds of mJ) with a wavelength

of 532 nm. As a result, the material treated shows improvement in its resistance against fracture and

stress corrosion cracking thank to the high compressive residual stresses imparted in the work piece.

The depth a�ected by the residual stresses is a bit lower than with the classical treatment. The

advantages of such a con�guration are as follow:

ˆ No need for thermoprotective coating

ˆ For small laser energy, the laser can be transported through a 
exible optic �ber if the wavelength

chosen is 1064 nm (at 532 nm non-linear e�ects are observed in the �ber)

ˆ Water-immersed object can be treated thank to the 532 nm wavelength of the lasers used

ˆ No surface preparation before laser peening

Figure 1.16: Experimental setup for Laser Peening without Coating (LPwC) (from [62]).
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The treatment uses a low 532 nm laser with an energy of around 300 mJ and a pulse duration of

some ns. To compensate for the low energy the number of pulses applied(i.e the pulse density) is

increased. The increase of the number of shots does not really have an impact in the treatment time

since the low energy needed for the shots allows the use of high frequency laser (tens to hundreds of Hz

of repetition rate). One of the drawback of this process lies in the depth a�ected by the compressive

residual stresses which is lower than what can be achieved with a more classical set of parameters.

Figure 1.17: Residual stresses in depth of a 20% cold-worked type-304 austenitic stainless steel (from
[64]).

1.2.4.5 Roughness modi�cation linked to LSP treatment

The ablation and fusion of the surface layers of matter is an important matter during treatment

without protective coating. In the case of alloys for aerospace applications, the surface roughness must

meet strict criteria, especially for exterior critical parts that c an disrupt the air 
ow on the fuselage.

Gill et al. studied the di�erence in roughness caused by applying the same laser shock treatment to

inconel 718 with and without thermal coating. As shown in �gure 1.18. For a lasershot with a 1.8

mm laser spot with thermal coating, the dimple observed has a diameter of2 mm and a depth of 5.5

� m with an homogeneous crater whereas if no coating is used the diameter of the dimple becomes 2.4

mm and the depth 8.5 � m while having and heterogeneous crater. Figure 1.19 shows the pro�le from

a laser patch with di�erent energy conditions. Once again, the use of a thermal coating showed an

increase in the overall surface quality after treatment (from a Ra of 0.120 � m before shock to 1.87� m
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with coating and 19 � m without any).

Figure 1.18: Pro�les of a single water con�ned 3.9 J shot with a 1054 nm, 20 ns pulse, 1.8 mm laser
spot equal to 7.7 GW/cm². (a) with thermal coating consisting of a vinyl tape and (b) without the rmal
coating (Taken from [53]).

Figure 1.19: Surface pro�le from (a) unpeened, (b) peened with thermalcoating (black vinyl tape)
with 1.5 J, (c) with thermal coating with 3.9 J and (d) without thermal c oating with 3.9 J (Taken
from [53]).

Moreover their work demonstrated that the absence of protective coating led to potential changes
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in the surface microstructure as well as the apparition of small cracks near the surface. In a study on

an Si - 3% Fe alloy Clauer et al. showed that the thermally a�ected depth of the material could be

roughly calculated with:

x = 2
p

kt (1.5)

With k being the thermal di�usivity and t the pulse duration. In their study, only about 10 � m under

the surface was a�ected by the thermal e�ects [65].

1.2.5 Key process parameters

To achieve a mastering in the laser shock peening process, the most important parameter is the

pressure produced by a laser shot with de�ned parameters. By being able to accurately represent

the pressure pro�le of a laser shot, the other steps of the process canbe modelled accurately. For

example, the modelling the compressive residual stresses imparted in the material by the process can

be accurately represented if the exact pressure of each shot used forthe treatment is known. Many

studies were conducted in order to evaluate the in
uence of di�erent laser parameters on the laser

shock peening process. To achieve such an understanding of the process, it is crucial to know the

e�ect of the di�erent key parameters (mainly the laser wavelength and its spot pro�le and duration)

of the process.

1.2.5.1 Pulse pro�le and duration in
uence

As shown in 1.2.3.3 measurements have been realised with di�erent pulse duration an demonstrated

the in
uence of this parameter on the apparition of a breakdown plasma. Indeed, using longer laser

pulse will apply the pressure produced by the shot for a longer duration and in turn, induces the

resulting compressive residual stresses deeper. However, such a con�guration, as shown before, induces

the apparition of a breakdown plasma at lower laser intensities due tothe accumulation of photons at

the surface of the treated material for a longer duration. For the treatment of alloys typically used in

the aerospace industry, a pressure of at least 4 to 6 GPa must be reached. A 10 ns laser pulse appears

as a good compromise between maximum pressure produced and its timeof application.
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1.2.5.2 Wavelength in
uence

The wavelength of the laser chosen is an important parameter for the laser-matter interaction but

also for the application of the laser shock peening treatment. The laser wavelength chosen has an

e�ect on the following aspects:

ˆ The optical transmission in the polymer con�nement.

ˆ The laser-matter interaction yield.

ˆ The breakdown plasma initiation.

ˆ The laser protection.

First, the laser energy absorption by the metallic target and the plasmais in
uenced. From a

practical aspect, the laser has to go through the con�nement before inducing the plasma formation,

depending on the absorption of the con�nement at the wavelength of the laser, a consequent fraction

of the incident energy can be lost before reaching the target or even induce a breakdown plasma.

At �rst, most of the measurements were made at 1064 or 1053 nm. Later others studies showed the

in
uence of smaller wavelengths. The pressures obtained depending on laser intensity for shots with

a 1064, 532 and 355 nm laser, corresponding respectively to the �rst, secondand third harmonics of

an Nd:YAG laser are given in �gure 1.20.

The con�nement chosen is also a factor that have to be taken into accountwhen choosing the

laser wavelength to be used. The transmission of the chosen con�ningmedium will in
uence the �nal

energy deposited at the surface of the target. A low transparency con�nement will allow for less energy

to be deposited at the surface of the target. At the same time, if the layer absorbs more energy, its

breakdown threshold will also be lower and by extension, lower themaximum pressures achievable

with said con�nement. In the classical water con�ned regime for example, the transmission is nearly

100% for a water layer from 1 mm to 10 cm thick with a 355 and 532 nm wavelength. However, at

1064 nm the energy absorbed becomes highly dependent on the layer thickness chosen. A 1 mm layer

will allow for 94% of the energy to go through while only 0.2% will pass for a 10 cmthickness. Table

1.1 give the transmittance values obtained for di�erent thickness of water con�nement depending on

the laser wavelength.
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Figure 1.20: Maximum pressure depending on the laser intensity for di�erent laser wavelengths (taken
from [39, 66]).

Table 1.1: Water transmission at di�erent wavelengths depending on the water con�nement thickness
layer (Values from [67]).

Water thickness 355 nm 532 nm 1064 nm

1 mm 99.97% 99.99% 94.12%
1 cm 99.79% 99.96% 54.55%
10 cm 97.93% 99.64% 0.23%

As one can see when working at 1064 nm, knowing the thickness of the layerof water used is of

crucial importance. A more detailed transmission curve is given in �gure 1.21 for thickness varying

from 1 � m to 20 cm. In practical application, treatment are done with a laminar water 
ow by bringing

a hose close to the treatment location. The layer thickness with this type of setup is typicality around

1 mm which allow most of the laser energy not to be lost.

1.3 Applications

Since the end of the 90's, LSP is more and more industrially used, mainlyin two domains:

ˆ The treatment of fan blades of military planes. Thanks to the deeper residual stress the results

obtained are much more interesting than with a classic peening approach. The fatigue life of

the parts is signi�cantly lengthened and reduces the problems caused by FOD (Flying Object
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Figure 1.21: Laser energy transmission depending on the water con�nementthickness at 1064 nm
(Values taken from [67]).

Damage) on these types of aircrafts. A fan blade treated by LSP retrieves mechanical properties

equivalent or superior to an undamaged part [26]. To avoid material deformation a beam splitter

is used to divide the laser pulse into two and shock the part on both sides to generate symmetrical

deformations [26] (�g. 1.22).

ˆ In the nuclear industry, Toshiba Corporation developed a system to reinforce by laser shock

welded joints of nuclear 304 steel tanks of water pressurised reactor subject to stress corrosion

(�g: 1.23. The �rst results of the project were presented in 1995 by Mukai [30]. To be able to

make an in-situ treatment, a compact portable system was developed with a YAG green laser

(532 nm, 0.2 J, 10 ns, 10 Hz) and a rotating optic cane allowing transportation of the laser to the

bottom of the tank (30 to 40 meters depth). This method showed good results despite not using

any thermal coating to avoid thermal e�ects. The tensile stress at the surface is compensated

by a high overlapping of the shots (2000%, so 20 impacts on the same point) and asmall laser

spot (0.7 mm). The use of the 532 nm laser instead of a near-infrared one is essential in this

con�guration to avoid the loss of transmission through water thickness.
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Figure 1.22: Fan blade reinforcement, (a) area treated (from [68]) and (b) gains expected from laser
peening treatment on fan blades (from [26])

Figure 1.23: Laser peening setup used for nuclear tank treatment by Toshiba (from [60])

1.3.1 Fatigue life enhancement

As shown in �gure 1.22 laser shock peening treatment produces substantial fatigue life gains on

the treated parts. This improvement is due to the compressive residual stresses and strain hardening

imparted in the area treated. Generally the fatigue life behaviour improvement can be expected to go

as high as 350 to 400% [69] but can vary depending on the material or alloy treated. Di�erent values

are found in the literature with varying set of parameters and for di�er ent classically used alloys in the

aerospace �eld. It is also important to note the di�erence between the fatigue measurement technique

used. More information on the fatigue testing methods is given in appendix C. In the case of laser

shock peening the 4-points-bending technique is usually used.
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1.3.1.1 Fatigue life improvement induced by laser shock peening

In general, the improvement in fatigue life behaviour expected after a laser peening treatment can

vary from 150 to more than 400% on aluminium alloys. Improvement of up to 412% were reported by

Hu et al. on AA2024-T351 [69]. For AA6061-T6, a 185% enhancement was obtained by Huang et al.

after laser treatment [70]. In the case of 316L steel, the fatigue life increase described by Correa et al.

after treatment reaches 471% [71]. The di�erences of results between materials are in
uenced by the

properties of the alloys treated but also by the laser parameters chosen in each of theses studies. For

example, laser peening of AA2024-T351 can lead to improvement ranging from 412% to243% [69, 72]

depending on the set of parameters chosen. Thus multiple parameterscan be tuned and modify the

e�ciency of the laser peening process on the �nal fatigue life behaviour. The pulse duration, the

energy, the overlap, the pulse diameter as well as the peening pattern [73] all have a role to play in

the �nal properties of the material treated [74, 75].

1.3.1.2 Crack propagation and initiation

The compressive residual stresses induced in the metallic piece treated by laser peening prevent

crack propagation or initiation. As explained before in 1.2.4.1 (�g. 1.9) the compressive residual

stress is caused by the surrounding matter pushing the laser shocked spot. Thus, potential crack

initiation and propagation is harder to induce. In the case of a pre-existing crack it also slows down

it propagation.

Figure 1.24: Stress corrosion cracking test results on SUS304 alloy (from [60])
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1.3.1.3 Fatigue crack growth

The formation of a crack is heavily in
uenced by the surface state of the material. The presence of

oxides, asperities, plasticity are important factors that can stimulate a crack formation. Phase change

and viscous 
uid can also play a role in crack induction although they play a smaller part.

The repeated loading and unloading of a material leads to the triggering of crack formation at the

microscopic level due to the accumulation of localized irreversible slips at the stress concentration sites

(i.e. grain boundaries). The orientation of the crack growth is then dictated by the defects present in

the structure. The propagation of the crack is separated in two stages:

ˆ Stage I - Small cracks: They are shear driven, interact with the micro-structure and are mostly

analyzed by continuum mechanic approaches. The crack size is that of a material grain. The

cracks grows along the slip system with the maximum shear stress. However this varies from

grain to grain thus the cracks are tortuous. The stage I crack growth undergoes 
uctuations but

gradually slows down due to its encounter with multiple boundaries. As the crack grows larger

the importance of the micro-structure decreases because of the accumulation of irreversible slips.

This induces a plastic area ahead of the crack. The presence of a high amount of tip slips creates

a high pile up stress. At this point the boundaries o�er little resi stance and the crack grow

larger.

ˆ Stage II - Large cracks: They are tension driven, relatively insensitive to micro-structure and

mostly analyzed by fracture mechanics models. Theses types of cracks propagate in the normal

direction to the applied stress with a propagation rate of microns per cycle. At some point the

crack will reach a critical size and failure will occur.

A classic way to represent the fatigue crack growth of a materials the Paris' law. More information

of the model can be found in appendix D.

1.3.1.4 Stress corrosion cracking resistance

Stress-corrosion cracking (SCC) needs a crack to propagates from. It canbe an already existing

crack in the material, like a defects such as a porosity [76], a weld [77] oreven the result of machining

[78]. In other case the crack is initiated through shock, in the aerospaceindustry a common crack
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cause is FOD (Foreign Object Damage), which are generally birds hitting the plane during service and

causing cracks on the cockpit nose or on the wings and motors [79]. The SCC cannot be dissociated

from the fatigue cracks as it can originate from one. For example, in a plane, fatigue crack can develop

at altitude during the 
y while the stress corrosion crack will happen after the 
ights caused by the

condensation of water.

The initiation of SCC generally occur in corrosion pits which are the caused by metallurgical

inhomogeneities like inclusions or grain boundaries where oxide �lmsdoes not o�er a protection as

e�cient as in the surrounding area. The transmission from a pit to an SCC is dependent on the pit

shape and depth but also on the local stress, strain and stress intensity factor. Figure 1.25 gives an

example of a crack emanating from a corrosion pit.

Figure 1.25: Scanning Electron Microscope (SEM) image showing crack initiation from a corrosion pit
in a high-strength martensitic-steel aircraft component (taken from [80]).

LSP is a method of choice to improve the resistance to stress crack corrosion of metals. In the

case of steel Sano [81] and Peyre [82] showed that laser peening leads to a better pitting resistance

regardless of the use of a thermal coating or not. In a coated con�guration, themechanical e�ects

(work-hardening and residual stresses) reduce the number of active sites to initiate pitting at lower

potential while when thermal e�ects are also at play they are negligible for SCC susceptibility. Many

material SCC resistance have been studied, from aluminium alloys [83, 84, 85] to titanium alloys

[86, 87] and steels [88, 89] and found improvement of the SCC behaviour whatever the treated metal.

1.3.2 Other laser applications

Appart from laser shock peening, many other applications of laser shock arepossible such as:
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ˆ Laser Adhesion Test: or LasAT. It consists in generating a high tensile stress at a material

interface with a coating, it is mainly used for material properties control. The aerospace and

biomedical �eld both use coating on some materials and the adherence of these coatings with

the main piece need be assessed accurately. Classical tests used forthese properties like bond

pull tests [90], bulge test or scratch tests [91] are not adapted to this type of con�guration

and assembly and need more samples to produce relevant results compared to LasAT. The �rst

demonstration of LasAT capability was realised by Vossen et al in 1978 [92]. Laser Adhesion

Test use the laser shock process, a laser pulse is focused at the surface of a material to produce a

shockwave inside of the material tested. During the wave propagation, re
ections at the interfaces

are going to create tensile stress waves. In the case of symmetrical shock, two compressive waves

can cross one another and create a tensile stress at the meeting point. These tensile stresses

are used to debond the coatings. By knowing the pressure applied by each shots at the point

of interest, it is possible to evaluate the strength of the bond of the pieces. The diagnostic is

realised through rear free surface velocity measurement with a Velocity Interferometer System

for Any Re
ector (VISAR)

ˆ Paint stripping: It consists in using a laser pulse to destroy surface coatings from airplane

fuselage and other materials. It has been developed since the early 1980s andallows for the

recycling of some materials like aluminium. The paint on an airplane must be replaced on

average every four years [93]. For this reason, the most common use of the paint stripping

process is to remove the old paint layers before reapplying new ones. It o�ers controlled and

accurate performances and has the advantage of being non-contact which makesit a solutions

of choice. Some new applications are currently studied and aims at changing the way of using

paint stripping. Instead of targetting the laser pulse at the surface ofthe materials to be treated,

the laser is focused on the back face of the target to induce a shockwave that is mechanically

removing the coatings thus avoiding potential surface oxidation and thermal damaging usually

induced by the process [94].

ˆ Laser propulsion: The process was �rst proposed in 1972 by Kantrowitz [95] to replace chemical

propulsion to send spacecraft to near earth orbit. In the pulse laser propulsion a laser pulse is

focused on a target to generate a plasma. The momentum transition occurring during the process

is impinged by the plasma expansion counterforce exerted at the surface of the target. The main
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advantage of the laser propulsion process compared to propulsion by classic chemical fuels is that

a spacecraft using laser propulsion does not need to carry additional fuels or propellant sources

as the propellant is acquired from the target itself thus reducing the launch costs [96].

1.3.3 Laser peening compared to other peening strategies

Multiple peening process exist, their choice depends on the situation, cost, industrial feasibility

and needs. The most used one is still shot peening but new techniques arised through the years such

as ultrasonic peening which is mostly used for the cold treatment of welded structures and based on an

ultrasonic magnetostrictive oscillating system attached to a peening tool [97]. Another one would be

cavitation peening which uses the collapsing of ultrasonic cavitation bubbles near a material surface

immersed in liquid thus producing high pressure on the area of interest [98]. Water jet peening is also

an alternative, close to cavitation peening as the two of them use projected water although cavitation

peening use the bubble collapsing created while water jet peening uses the water column impact.

Although theses techniques are gaining some traction, they are still marginally used compared to the

classical shot peening since the fatigue results obtained with thosetreatment are less good than with

classic peening, be it in terms of fatigue strength but also in depth a�ected by the treatment. Fatigue

strength results are given for di�erent types of peening techniques on �gure 1.26 for the treatment of

stainless steel.

Figure 1.26: Improvement in fatigue strength of stainless steel by water-jet-peening, laser peening,
cavitation peening and shot peening compared with a non-peened specimen (from [98]).
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One of the major advantage of laser shock peening compared to classical peening is the depth

a�ected by the treatment. For laser shock peening, the residual stresses are located at a depth up to

� 1.5 mm compared to � 300 � m for shot peening [54] of Al alloy materials. In addition, the LSP-

induced work hardening is generally limited (about +10% to +30%) compared to conventional shot

peening [28]. This can be explained by the fact that the loading durationis very short (generally

some ns), which consequently does not allow the activation of all the sliding systems of the material

and thus generates fewer cross dislocations. Only cyclic hardeningmaterials such as 304L and 316L

have their hardness and their level of residual stresses increasewith impact repetition.

Overall laser shock peening appears to be a better mechanical treatment option compared to

shock peening for a material lifetime thanks to the controlled deformation. Indeed, the worse surface

roughness produced through shot peening is detrimental to the residual stresses imparted in the

material. For laser shock peening this e�ect is mitigated thanks to the low work-hardening induced by

the treatment. Not only the surface is less deformed but it is also uniform because of the controlled

path of the laser while for shot peening the impacts are random on the treatment area, leading to more

di�erences overall. This deformation uniformity is another factor leading to higher fatigue behaviour.

1.3.4 Industrialisation challenges with water con�nement

Although laser shock peening in water con�ned regime is widely used in the aerospace and automo-

tive industry, it still has some drawbacks and limitations that prev ent its use in some cases. First, the

water 
ow needs to be thin enough not to absorb the incident laser energy with near infra-red lasers

which are the majority of the lasers used for LSP in industrial setting. The 
ow of water brought

must also be laminar to stay consistent. This has some implications, for example in the case of the

treatment of small bore holes, this laminar 
ow cannot be achieved and thus make it impossible to

implement laser shock peening in this type of con�guration. In the same way, for the maintenance

treatment of already 
ying aircrafts, some parts cannot be LSPed with a water con�ning regime due

to the impossibility to bring water in those places. An example is the reinforcement of some interior

parts of the wings that see a lot of stress concentration and cyclic loading.Due to the presence of

kerosene tanks in the wings it is impossible to bring water in order to avoid water to contamination of

the fuel tanks. For cockpit treatment also, the same type of problem arises. The presence of electronic

devices inside of the cockpit prevent the use of water which wouldbe too dangerous with the water
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splashing caused by treatment. More generally, the presence of watercan trigger corrosion phenomena

if a metal has a small scratch or defect. For all of these reasons, �nding analternative to the water

con�ned regime is a crucial point. It would allow the reinforcement of areas that cannot be correctly

treated by laser shock peening but also potentially simplify already existing processes that use water

as of now.

1.3.4.1 Parts to be treated

The parts to be treated with 
exible con�nement in place of the water con�ned regime are mainly

cockpit areas as well as wings and small bore holes. Figure 1.27 gives an illustration of the concerned

parts. The cockpits and wings presented are highly susceptible tocracks initiation and propagation

due to Flying Object Damages (FOD) caused most of the time by birds hitting the plane in altitude

or the inclusion of glasses in the cockpit that induce stress concentrations. Another cause of crack

initiation and propagation resides in the natural cyclic loading happening in some area of the structure

of these parts which induce fatigue damaging over long period of time.

Figure 1.27: Areas of interest for the laser shock peening treatment with polymer con�nement: wing
area and cockpit.

Although the con�nement used for this work is not the classically used water, the end result after

treatment aimed are the same. Improved fatigue life behaviour throughthe introduction of compressive

residual stresses at the surface but also in depth of the treated material are desired. From this, the

crucial parameters for the treatment are the same. The breakdown phenomenon must be avoided in

order to be able to develop a su�cient pressure and induce high compressive residual stresses. This

e�ect is a�ected by both the laser parameters and the con�nement parameters. The laser parameters

that can be tuned are the pulse duration, its wavelength and the spot size (respectively� , � and �):
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ˆ The pulse duration � , in
uences the breakdown threshold. The longer the pulse durationis, the

lower the breakdown threshold will be.

ˆ The wavelength � , also in
uences the breakdown threshold. The use of a 1064 nm wavelength

compared to a 532 nm one will induce a lower breakdown threshold sincethe interaction yield

is lower with this wavelength.

ˆ The spot size �, in
uences the edge e�ects. The use of a smaller laser spot will induce the

apparition of more edge e�ects which can cause tensile residual stresses in the treated piece.

The other part of the problem lies in the polymer used as a con�ning medium e�ect on the laser

shock peening process. Since the choice of the material is not determined yet, one can only �nd the

di�erent polymer parameters that can potentially have an in
uence on t he process and direct the

choice of the polymer con�ning medium according to the supposed optimal properties or at least the

best compromise that can be found through a literatures study.

The choice of polymers as potential con�nement for the laser shock peening application stems from

their 
exible properties which appear compatible with the process. The advantages and the criteria

chosen for the determination of the di�erent con�nements studied is given in the part hereinafter.

1.3.5 Advantages of polymer con�nement

In order to be able to apply laser shock peening to every scenario a 
exible adhesive polymer

con�nement seems to be a good alternative. It can potentially present many advantages:

ˆ Depending on its 
exibility it can be adapted to any complex geometry even though the applying

process might require some engineering. Even in such case it would still be similar to the problems

caused by the water 
ow management needed in a water con�ned regime to keep a laminar 
ow.

ˆ Its chemical and mechanical properties can be tailored up to a certain point to make it more

resistant to the potential damaging caused by the laser. In the same wayits chemical structure

can be modi�ed to grant it a better transmission depending on the laser wavelength used.

ˆ Similarly, by tuning its mechanical properties, typically by imp roving its Young's modulus

and/or density, the pressure produced could be improved thanks tothe impedance mismatch

phenomenon applied at the transmission of a shock between two media (see appendix B)
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ˆ Depending on the way the polymer is made, it could contain multiple layers to incorporate a

thermal coating which also protect the surface of the material treated from thermal damaging

as well as further enhance the pressure gains from impedance mismatch.

With the desired properties of a polymer con�ning medium under laser shock already established,

the choice of polymers for the LSP application can be oriented dependingon polymer properties:

ˆ Flexible: A way to obtain a 
exible polymer is to choose one with a glass transitiontemperature

lower than the ambient temperature in the area of treatment. By doing so the material is in a

rubbery state allowing its shape to be modi�ed and thus making adaptable to di�erent work-piece

geometries.

ˆ Transparency to the laser wavelength: The transparency of a polymer in the wavelengths of

interest (532 and 1064 nm) can be easily obtained by doing measurements with a calorimeter

(see �gure 3.2). In order to be sure that this transparency stays high throughout a laser shot, a

solution is to chose amorphous material to avoid cristallization that a�ect the optical properties

of the materials. Ideally, the choice should be oriented toward polymers that stays amorphous

under high pressure and strain rates.

ˆ Good bonding and debonding properties:To have a polymer able to stick to a surface and be

easily removed without leaving any trace, pressure sensitive adhesives (PSA) are a good solution.

More information on this type of material is given in 1.4.3.

1.4 Polymers as con�nement

The choice of a polymer to use as a con�nement instead of water must be based on a certain

number of criteria:

ˆ The polymer chosen should be 
exible in order to be adaptable to a curved and potentially more

complex surfaces.

ˆ It has to have a good transparency to both the laser wavelengths used,respectively 532 nm for

the laser used in the laboratory for the characterization and 1064 nm for the lasers used for the

treatment and in an industrial setting.
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ˆ The con�nement should be able to allow the production of pressures high enough for the laser

shock peening treatment to yield su�cient compressive residual stresses and impart good fatigue

life behaviour improvement into the shocked alloy.

ˆ The material should be easily bonded and debonded not to leave any residues in the areas treated

and pollute them.

ˆ A high temperature resistance is preferable to limit potential thermal damaging of the con�ne-

ment during the laser shock.

ˆ In the same way, a high chemical stability is prefered to avoid modi�cations of the polymer

properties in between laser shots but also for storage reason over time.

1.4.1 Laser interaction with polymer

The response of a polymer to a laser irradiation is highly dependent on its transparency. This

property is referred as the optical strength in the literature and describes the capability of a material

to resist optical damage. The process of polymer damaging through repeatedshots is referred as the

incubation process and describes the dependence of the damage threshold 
uence (given by equation

1.6) on the number of laser pulses [99]. It is related to an incomplete dissipation of the incident energy

brought to the material in between repeated shots. It can take the form ofplastic stress/strain or

can be considered stored in the shot region in the form of crystallographicchange as well as chemical

modi�cation. Figure 1.28 gives an example of the decreasing damage threshold, represented asF , the

laser energy (or 
uence) necessary to induce damage depending on the number of shots on the same

area in two di�erent polymers.

F =
E
S

(1.6)

With F the laser 
uence, E the energy in Joules andS the surface in cm².

In the case of a polymer that is not fully transparent, the laser energy results in surface modi�-

cations. Both the chemical composition and the crystal structure of the�rst few layers of polymer

are modi�ed and some damages can be created in the thickness of the material shot. The di�erent

parameters a�ecting the damaging of a polymer under a laser pulse have been studied extensively

by Manenkov's team. First, they evaluated the optical strength of polymethylmetacrylate (PMMA),

an "organic glass" and showed that its optical strength was in
uenced by its propensity to carbonize
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Figure 1.28: MeasuredN th pulse ablation threshold, F N
th , for polycarbonate and polymethylmetacry-

late as a function of the number of pulses. Solid lines represent �tting using the incubation function
given in [100] (taken from [101]).

during photolysis (i.e chemical decomposition under light) [102, 103] as well as by the presence and

size of absorbing inclusion or defects in the material that can act as the seed for further damaging.

The damages induced by these phenomena are dependent on di�erent parameters:

ˆ The material type (metal [104], semiconductor [105], dielectric [106], etc)

ˆ The laser parameters: The wavelength [107], pulse duration [108] and repetition rate [109] all

have an in
uence over the damage threshold

But the underlying processes are the same. In dielectric material potentially used as a con�nement,

the energy deposition proceeds through multiphotoionisation (see 1.2.3.2) and induces damaging. To

de�ne the damaging of a material, the common parameter used is the damage or ablation threshold

which corresponds to the lowest 
uence (energy per surface unit)that can induce damaging of the shot

material, that is to say the removing of matter with the lower limit being one atom. The processes that

can induce initiation and propagation of the damages and reduce the 
uence threshold are described

by three models:

ˆ The heating inclusion model for thermal damage creation and expansion. Taking into account

the rate of chemical degradation of material depending on the temperatureand the geometrical
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dimension of the impurities.

ˆ The bond breaking model for structural default (i.e bond breaking) accumulation

ˆ The coloured center model for lattice default accumulation.

1.4.1.1 Heating inclusion model

The reference study on this subject was realised by Hopper and Ulmann [110] and highlights the

role of impurities in the laser damages. An ultimate strain of the shocked material containing heated

inclusion is de�ned as a limit for damage formation. The model shows theabsence of in
uence of the

fusion of inclusions on the thermoelastic strain around the inclusions. During heating, if the strain

does not exceeds the ultimate strain, no irreversible modi�cation will be induced in the target material.

Manenkov and al. demonstrated that the accumulation of degradation products is accelerated by a

gradual increase of the mechanochemical reaction rate constant according to relation from [111, 112]:

K ' exp (� (U0 � 
� )=kT) (1.7)

With U0 the activation energy, 
 a structure dependent factor, � the residual stress andk the

Boltzmann constant.

Another point developed in Hopper's and Ulmann's concerns the in
uenceof the temperature on

the rate of chemical reaction triggered by the laser pulse. This case isparticularly prevalent in the

�eld of polymer treatment as they usually contain heating absorbing particles used as catalyst and

stabilizer. The last point stressed concerns the thermodi�usionof the heating inclusion in the material

matrix. In certain conditions this e�ect can induce a self enhancing growing of the light absorption.

The heating of an inclusion is dependent on its sized and on � the laser wavelength:

ˆ If d � � , the heating is negligible because the light absorption is too low by the inclusion and

the heat loss too great into the surrounding environment.

ˆ If d > � , the large mass of the particle prevents a focalised heating but at thesame time it can

still cause damage due to the high surface a�ected.
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ˆ If d is slightly < � , the damage is favoured due to the focused high heat absorption of the

impurity.

1.4.1.2 Bond breaking model

The laser pulse succession induces multiple bond breaking in theshot material that can lead to

macroscopic damages. With that in mind, knowing the bond strength of the di�erent bond of a

polymer can help predicting damaging by knowing the �rst bonds to break under irradiation. With

damage accumulation, the shocked polymer evolves towards a state whereonly one shot is enough to

induce damaging due to the lowering of the damage threshold. The minimum time needed to initiate

the nucleation of an elementary defect varies from 10� 11 to 10� 13 s and corresponds to the time of

thermal density 
uctuations (the time during which the atoms can mo ve due to thermal e�ects). The

bond breaking model is valid only in a certain range of 
uence that is dependent on the material shot.

Thus equation 1.7 is only valid for F > 0:7Fth for glasses and crystals whileF > 0:2Fth for polymers.

1.4.1.3 Coloured center model

The coloured center model or lattice defects model assumes that the laser induced damage in a

material are caused by the action of mechanical stress resulting from Frenkel's defaults formed by

multi photon production. Frenkel's default are a type of point defect (default that occurs only at a

single lattice point) in crystalline solids consisting of an atom or ion leaving its place in the lattice and

creating a vacancy while �lling an interstice in a nearby location thus inducing strain in the lattice.

During repeated laser shot, the local stress grows since the associated local expansion is blocked by

the non a�ected surrounding matrix. Material damage occurs if the local stress exceeds the failure

stress. Contrary to the bond breaking model, the coloured center model does not need any initial

defect or seed inclusion to be triggered. This has been demonstratedby Glebov and al. [113] and

then by Kitriotis and Merkle [114] that the accumulation of the stable coloured centers cannot be

considered a process leading to breakdown by itself.

1.4.2 Properties needed for a polymer con�nement for LSP treatment

In order to ful�l the maximum of criteria the choice of polymer can be or iented to maximize

certain properties and ensure the e�cacy of the chosen con�nement. The �rst objective is to have
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a transparent 
exible polymer while limiting its damaging by laser. Considering the mechanisms

presented above it appears that an ideal polymers con�nement should behighly transparent with

minimum inclusion and high bond strength while being amorphous to avoid any Frenkel's default due

to crystallinity. The search must be oriented to �nd an equilibri um between each of these properties

while still being able to easily bond and debond from the surface to treat by laser shock peening and

producing su�cient pressures.

1.4.2.1 Crystalline properties

In order to obtain a fully transparent material, the con�nement chosen for the laser shock peening

process should be amorphous as a way to avoid the presence of crystals in the polymer matrix and limit

potential re
ection of the laser pulse inside the material that could create damaging or breakdown

plasmas.

1.4.2.2 Bond strength

The bond energy of chemical bonds can give us information on a polymer, for example a polymer

with a carbon based back-bone chain composed of C-C bonds (with an average bond energy of 346

kJ/mol [115]) will be more prone to decomposition under a laser pulse than asilicone polymer with a

Si-O back-bone (average bond energy of 452 kJ/mol [115]). The choice of the polymer of con�nement

can be oriented to maximize bond energy in order to obtain more resistance against degradation.

The simplest way would be to use silicones which are notorious for their stability and temperature

resistance. The bond energy can also be taken into account for the choiceof the groups added in the

polymer chain to grant it properties.

1.4.2.3 Polymer choice

Considering the di�erent properties explored, it appears that the choice of the polymer should be

set on an elastomer with a glass transition temperature lower than the ambient temperature to have

a 
exible material. The elastomer should be amorphous to limit crystallization even if some could

happen while under high stress/strain. Finally two types of backbonechains should be tested (i.e.

C-C chain and Si-O chain) to see if the bond strength has a signi�cant in
uence on the bond breaking

process under laser irradiation.

72



A literature study shows that a category of material that ful�l these cr iteria are Pressure Sensitive

Adhesives (PSAs). The choice of the potential con�nement for the lasershock peening application is

consequently oriented to this category of polymers.

1.4.3 Pressure Sensitive Adhesive description

PSA or Pressure Sensitive Adhesives are thin �lms that stick on nearly every surfaces by simple

contact and can be removed without any residue. This type of adhesive is the most used by consumers

and as such represents a big market. PSAs present multiple advantageslike: instant formation of

a contact with a substrate on touch, permanent tack, easy debonding and uniform thickness [116].

However up until recently the comprehension of the mechanisms at work in these types of polymers

were not very well understood except by the companies involved inthe manufactures themselves. Even

if PSAs's purpose is to joint two surfaces together, the approach used is very di�erent that in other

types of adhesives. First they are not used in structural applications like epoxy resins, on the contrary,

they are principally used in non-structural applications. The second di�erence is that PSAs do not

need a chemical reaction to stick to their substrate, they bond with the surface upon contact. It is

important to note that, as opposed to the term pressure sensitive, the bonding strength is not really

dependent on the pressure applied on the adhesive. Thanks to this set of properties, these materials

are easy and safe to use since the user does not have to worry about solvent evaporation or curing

parameters. Even though the application is varying compared to other adhesives the principle is the

same. The polymer needs to bond to the surface it is applied on, independently of its roughness and

then needs to be able to sustain a certain amount of stress without debonding. A di�erence with

more classical adhesives is that the bonding of non-PSA occurs at a liquid state and is then tested

at a solid state after curing by UV radiation, temperature change or chemical reaction. PSAs are

mixing liquid and solid properties since they are soft viscoelastic solids. Their properties are obtained

from the hysteresis of the thermodynamic work of adhesion. However, there is still a di�erence with a

proper hysteresis since here, there is a variation between the energy used to form the bonds and the

energy dissipated to break them. For short periods of time, only the Van Der Waals forces are active

in the PSA adhesion process [117, 118]. The drawback associated with these kinds of materials based

on supramolecular interaction [119] is that their properties need to be much more �nely tuned than

for other types of adhesives, therefore a precise understanding of the mechanisms involved during the
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process is necessary.

All commercial PSAs are based on polymers, mainly from three families: acrylics, styrenic block

copolymers and natural rubbers. Silicones PSAs also exist but are reserved for niche uses like extreme

temperatures were price is not an important factor. Historically, the � rst PSAs used were rubber

based and are still the cheapest to make and the easiest to formulate. They are typically made of

natural rubber and low-molecular-weight tackifying resin, miscible with the rubber in nearly equal

proportions.

ˆ Acrylic PSAs: They are the ones that allow the most liberty in term of formulation and opt i-

mization. They are generally composed of a copolymer of a long side-chain acrylic with a low

glass transition combined with a short side-chain acrylic to adjust the Tg and completed with

acrylic acid to improve adhesion and further maximize elongation properties. Tacki�ers can be

added in order to adjust the Tg and to hone the dissipative properties. In case of natural rubber

PSAs, a cross-linking step is generally added after coating to prevent creep [120].

ˆ Copolymers PSAs: Styrenic block copolymers adhesives have been the last available onthe

market. The usual material is a blend of styrene-isoprene-styrene(SIS) triblocks and styrene-

isoprene diblocks compounded with a low-molecular-weight but highTg resin based on C5 rings.

The resin is miscible with the isoprene phase but immiscible with the styrene phase. To obtain

usable properties in these PSAs, the proportion of styrene must be on the order of 4-12%, the

molecular weight of the styrene block must be above 10-11 kg/mol in order tostay immiscible

with the isoprene phase. The weight fraction of polymer in the blend must vary between 25 to

45%. The use of immiscible phase allows the formation of nanophase-separated edi�ces consti-

tuted of styrene domains dispersed in an isoprene matrix. The presence of these styrenes enables

a physical cross-link, conferring better creep properties to the PSA [121].

ˆ Silicone PSAs: They are widely used in medical [122], industrial [123] and tapes for insulation

[124]. Multiple advantages justify their use despite their higher cost; good thermal stability,

higher UV transparency and excellent 
exibility, overall higher capabilities when it comes to

chemical resistance, electrical properties and weathering resistance compared to organic PSAs.

Finally thanks to their structure they are able to adhere to materials such as Kapton or Te
on

contrary to other types of PSAs. Similar to the acrylic PSAs, their properties can be improved
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through the use of tacki�ers.

1.4.3.1 Mechanisms of PSAs

The mechanisms at work in PSAs were not really understood for a long time. It is thanks to a

BASF scientist, Albrecht Zosel, that a mechanistic approach has been realized to understand the PSA

adhesion system as opposed to the empirical approach used up until that point [125, 126]. Before, peel

test was used to try to understand the mechanisms involved becauseas any other adhesive PSAs need

a certain amount of energy dissipation to separate the two surfaces bonded. Peel test, however, is a

little 
awed because the peel force measured depend on the peel velocity, angle and adhesive thickness

used. A strong coupling between geometry and mechanical properties was observed and limiting the

interpretation and correlation between di�erent results. Zosel developed a new test consisting of a

cylindrical 
at-ended probe. The probe is indented into a thin layer of adhesive and then removed

orthogonally. During the operation, the force and position are constantly monitored.

(a) (b)

Figure 1.29: (a) Schematic illustration of a tack test performed with a cylindrical 
at-ended probe.
(b)1. cavities observed during the tack test (view from above) and (b)2. �brillation processes occurring
during debonding of pressure-sensitive adhesives (view from the side) (taken from [127]).

Thanks to this apparatus and further studies, it has been shown that the debonding process is

composed of three main steps described by �gure 1.29a.

ˆ The �rst peak corresponds to the formation of cavities growing from the interface. (see �gure

1.29b1.).

ˆ The growth of the cavities provokes a loss in force just before the plateau
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ˆ The expansion of the cavities without coalescing causes the formation ofthe �brils. (see �gure

1.29b2.).

It is important to note that the �bril formation is only observed on PSAs ex hibiting high peeling

forces. The �nal elongation of the �brils is directly linked to the el ongational properties of the adhesive.

Applied to the laser shock peening process, only the debonding phase needs to be taken into

account. The �bril formation does not really have an impact as the plasma expansion will debond

everything from the surface of the target.

1.4.3.2 Application requirements

From an application point of view, a PSA needs to possess three major properties: a good degree

of stickiness, a controlled peel force depending on the peel velocity to induce adhesive fracture with

the surface it is linked to and �nally a good creep resistance to sustain stresses over a long period of

time. Generally, with commercial formulation a compromise needs to be found to balance properties

and price.

To adjust and have a good stickiness on an adhesive, it must be based on polymers used well above

their Tg (25-45°C above). The Tg should also be as broad as possible to maximize the viscoelastic

dissipation properties at low-modulus end of the glass transition. Once these speci�cations are met,

other parameters can now be tuned like: molecular weight, molecular architecture or supramolecular

structure. Another way used to adjust the stickiness is to add other molecules like tacki�ers to the

base polymer. They dilute the entanglement network and thus lower the modulus of the PSA in

the plateau region of the curve shown on �gure 1.29a. The lowering of the modulus is linked to the

augmentation of the molecular weight of a polymer and allows the adhesive toform a good bond

with a surface just by a light pressure. This means the adhesive must have a relatively high viscous

component G00of the shear modulus at the test frequency used (10 - 30% of the elastic component for

removable PSAs,� 100% for the ones exhibiting �brils). This condition supposes that the material

will dissipate energy through deformation, meaning a broadening of theG00peak associated with the

Tg [121]. To control the peel force an adhesive should strain-harden at high levels of strain. This

property allows the material to induce completely adhesive failures, leaving no residue on the surface

it was sticking to. Thus, the level of elongation exhibited and how progressive the strain-hardening
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is are key parameters in PSA design [128]. For homopolymers and random copolymers, the degree

of strain hardening is controlled by the choice of a suitable molecular weight distribution and degree

of cross-linking. Typically, PSAs contain between 50 to 70% of insoluble fraction. Finally the creep

properties are also controlled by chemical or physical cross-links. However the parameters necessary

to obtain good creep properties and a good peel force are di�erent. During creep, a shear force is

constantly applied and no �brils are formed, the optimum degree of cross-linking is higher than what

would be used to obtain a good peel force.

For the applications targeted, an adhesive failure is preferred not to leave any residue on the surface

treated an simplify the cleaning process. A good way of modulating the properties of interest for the

laser shock peening process will be to play on the cross-linkingof the adhesives chosen. To accompany

the polymer choice, a good understanding of its mechanical properties is necessary. The following

section presents a study of the global properties of polymers and more speci�cally elastomers with

viscoelasto-plastic properties under static conditions and high strain rates such as the one that can be

found during laser shock experiments.

1.4.4 Overview of polymers material properties

1.4.4.1 Viscoelasticity and viscoplasticity

Viscoelasticity

Viscoelasticity describes the behaviour of a material exhibitingboth viscous and elastic properties

during deformation. Viscoelastic deformation introduces a number ofparameters that are not involved

in a simple elastic deformation like stress relaxation, creep, dynamic mechanical behaviour or volume

retardation. This type of behaviour can be found in polymers near theirglass transition temperature

when they reach a leathery state due to the improvement of molecularmobility with the temperature

(�gure 1.30). With the increasing temperature the molecular motion also increases and causes a change

in the length and angle of chemical bond thus inducing a rising of the system energy. If the chain

mobility is high enough, large-scale rearrangements are possible on a time-scale of the 10� 12 sec order.

A further increase of temperature will cause a fully rubbery behaviour.
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Figure 1.30: Temperature dependence of the rate of molecular movement in a polymer

Viscoplasticity

Viscoplasticity describes the mechanical response of solids under time-dependent plastic strains.

Two main mechanisms are involved in the material rate-dependency:

ˆ Vacancy formation and grain boundary sliding, processes that are usually studied for creep and

stress relaxation experiments.

ˆ Slip-induced plastic deformation due to the displacement and multiplication of dislocations

In the case of polymers, viscoplasticity takes place both in crystalline and amorphous phases. In the

crystalline phase, slips are formed while in amorphous phases chain segment rotations are observed.

Compared to a classical platicity a viscoplastic phenomenon is similarin terms of strain hardening and

elasticity but a viscosity function must be added. The Norton's power law [129] is usually used and

link the plastic strain rate �_p to the applied stress� through two temperature-dependent parameters;

� (T ) , the kinematic viscosity of the material and N (T ) , a �tting parameter.

� p_ =
�

�
� (T )

� N ( T )

(1.8)

The e�ect of strain-hardening on the stress/strain plot of a viscoplastic material is given in �gure

1.31, the stress� needed to attain a de�ned strain � is higher when the strain rate �_used is increased

since the material damaging and relaxation is not able to fully take place during the time of the

experiment.
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Figure 1.31: Stress-strain response at di�erent strain rates from an elastomer containing �llers (taken
from [130]).

1.4.4.1.1 Stress relaxation

In stress relaxation, a sample stressed by a tensile deformation� 0 or a shear deformation 
 0 is

studied. The decreasing stress is measured as a function of the time � (t) or � sh(t) respectively. The

link between the stress and deformation are given by the Young's modulus E(t) and the shear modulus

G(t)

E (t) =
� (t)
� 0

and G(t) =
� sh(t)


 0
(1.9)

The link between the two modulus is also given by:

E(t) = 2
�
1 + � (t)

�
G(t) (1.10)

With � (t) the Poisson's ratio depending on the time.

1.4.4.1.2 Dynamic mechanical measurement

The classic creeps and stress relaxation tests are convenient for thestudy of a material response

at long times (from minutes to days) but are not as accurate for e�ects happening at shorter times (of
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the second order or less). The dynamic tests consist in applying a sinusoidal stress or strain to obtain

the short-time range of the studied polymer response. When a viscolelastic material is put under a

sinusoidally varying stress, the resulting strain reaches a steady state at some point. The strain also

vary sinusoidally with the same angular frequency but retarded in phase by a � angle called the loss

angle. If the deformation is sinusoidal the stress and strain are given by:

� = � 0sin (!t ) (tensile strain) (1.11)

� = � 0sin (!t + � ) (tensile stress) (1.12)

With:

� 0 : The amplitude of the sinusoidal tensile deformation.

� 0 : The amplitude of the sinusoidal tensile stress (N/m).

! : The angular frequency (rad/s). It is equal to 2�� where � is the frequency in Hz.

� : The phase angle (rad).

Experimentally, the strain is obtained by measuring the di�erence between the length of the sample

before and after the experiment:

� =
l � l0

l0
(1.13)

With:

l0 : the initial length of the sample

l : the length of the sample after the experiment

Figure 1.32: Sinusoidal strain and stress with phase angle� (taken from [131]).
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Dynamic modulus

The dynamic modulus is measured via multiple techniques like dynamic mechanical analysis (DMA)

or dielectric relaxation spectroscopy (DRS) by applying a small oscillatory stress and measuring the

resulting strain.

ˆ For a purely elastic material the stress and strain are in phase, meaning the response of stress

to strain or the other way around is immediate (� = 0 )

ˆ For a purely viscous material the strain lag stress by a� = �= 2 phase

ˆ A viscoelastic material exhibit behaviour somewhere in the middle of these two types of material

(0 < � < �= 2).

The behaviour of a linear viscoelastic material is a mix between thatof an elastic solid symbolized

by a spring with a modulus E (or G) and that of a Newtonian viscous liquid represented by a dash

pot with a viscosity � . The material elasticity confers it a capacity to conserve and restitute energy

after deformation. The viscosity of the material on the other hand, regardsthe capacity to dissipate

energy. The complex dynamic modulusG� is used to represent the relation between the oscillating

stress and strain:

G� = G0+ iG 00 (1.14)

With: G0 the storage modulus andG00the loss modulus

G0 =
� 0

� 0
cos � (1.15)

G00=
� 0

� 0
sin � (1.16)

From this it is possible to obtain the loss factor tan � which represents the dissipated energy during a

loading cycle. The higher thetan � , the more energy is dissipated by the material.

tan � =
G00

G0 (1.17)
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Since the glass transition is accompanied by a large energy dissipation a peak in the tan � depending

on the temperature is indicative of the glass transition phenomenon.

1.4.5 Non-linear viscoelastoplasticity

Due to the di�erent e�ects taking place in viscoelastoplastic materials, most of the properties

exhibited by this class of material are non-linear. The non-linear nature of these e�ects imposes

the use of models that take the di�erent mechanical response of thesematerials into account. Two

commonly encountered non-linear e�ects are the Mullins and Payne ones, used to describe the variation

of the mechanical properties of �lled elastomers under low and high strains. Both of these e�ects are

described more in depth in appendix E

1.4.6 Elastomers under high stress rate

Elastomers are widely used in the industry thanks to their viscoelastic properties. Due to their


exibility and broad range of formulation, it is possible to tailor the elas tomers, to some extent, to

the use required. Today, elastomers can be found in areas as diverse as: Insulating materials [140],

seals [141] or shock absorbers through their magnetorheological properties [142,143]. The key factor

of each of these application lies in the mechanical hysteresis of the elastomer used and the associated

energy dissipation. The cause of the energy loss is the transition of an elastomer of interest from a

rubbery state to a glassy state under de�ned condition of strain rate, pressure and temperature. If

said condition are met the elastomer goes beyond the rubbery plateau and starts to exhibit a leathery

behaviour to which is associated a large energy dissipation [144]. This type of e�ect can be induced

by high strain rate and/or pressure. In the case of laser shock peening both of these solicitation are

present and can induce property changes in the polymer during the laser shock such as the dynamic

glass transition phenomenon.

1.4.6.1 Dynamic glass transition

The glass transition temperature is the usual quantity used to delimit the rubbery regime from

the glassy one and is described as a temperature where a loss of molecularmobility is observed. It

is caused by a loss of thermal energy and an increased molecular packing. When an elastomer is put

under high strain rate or pressure the transition to a glassy state cannotbe only explained by the
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temperature anymore. Under such conditions a shift of the glass transition temperature depending

on the strain rate and pressure applied is observed. To take into account the rate dependent aspect

of the phenomenon, the glass transition temperature can be de�ned as thetemperature at which the

polymer chains mobility under the stress or strain applied becomes signi�cantly slower than the time

scale of the experiment. If this condition is respected the polymer chains becomes unable to move

during the time of interest, thus leading to a glassy state since the chain are "frozen" [145]. When

an elastomer passes to the glassy state, the mechanical energy absorption increases drastically. The

mechanical properties also evolve. In the case of a rubber, the Young'smodulus goes from tens of

MPas to the GPa order. Multiple experiments exist to study material under a broad range of strain

rates, from 10� 8 s� 1 with creep experiment to 108 s� 1 in the case of some shocks [146]. The classical

experiment used to obtain the behaviour of materials under high strain rate is the Hopkinson bar test

(< 105 s� 1) [147, 148]. Laser shock produces strain rates even higher (> 106 s� 1) while also applying

pressure of the GPa order on the shocked material [43].

Figure 1.33: Experiments used to investigate di�erent strain rates (taken from [146]).

1.4.6.2 Pressure e�ect

The e�ect of pressure on the dynamic glass transition have been studied by Zoller [149, 150] who

found a linear correlation between the glass transition temperature andthe pressure applied:

Tg(P) = Tg(0) + sgP (1.18)
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sg represents the shift in glass transition temperature per MPa of pressure applied. For example

the averagesg = 0 :23 K.MPa � 1 for polystyrene means that and increase of� 4 MPa will shifts the

Tg by around 1 °C. More values for di�erent polymers were given by Aharoni [151] and are reported

in table 1.2:

Table 1.2: Changes inTg of some amorphous and semi-crystalline polymers as function of applied
pressure (taken from [152]).

Tg (°C) P T g (°C) sg

Polymer (at 1 atm) (MPa) (at P MPa) (K.MPa � 1)

Polystyrene 108 100 131 0.23
Polystyrene 100 200 182 0.41
Poly(methyl methacrylates) 103 100 121 0.18
Poly(vinyl chloride) 75 100 89 0.14
Poly(vinyl acetate) 32 80 49 0.21
Amorphous poly(etylene terephtalate) 70 100 93 0.23
Semi-cryst poly(etylene terephtalate) 70 100 93 0.23
Poly(butylene terephtalate) 0.69 200 89 0.10
Polyamide-6 52 200 99 0.24
Polyamide-6,6 60 200 109 0.25
Polyamide-6,9 60 200 102 0.21
Flexible aliphatic polymers (in general) / / / � 0.20
Amorphous polymers (in general) / / / � 0.28
Semi-cryst polymers (in general) / / / � 0.20

1.4.6.3 Strain rate e�ect

The strain rate of the experiment or treatment applied on an elastomer canhave an e�ect on

its glass transition temperature and induce a dynamic glass transition.Dynamic Mechanical Analysis

(DMA) or Dielectric relaxation spectroscopy (DRS) are tools of choice tostudy the e�ect of high strain

rate on materials thanks to the frequencies attained by the two techniques (� 100 s� 1 for DMA and

higher than 109 s� 1 for DRS. The di�erence with laser shock experiment which produces deformation

of the 106 s� 1 range is that during laser shock, the strain is considerably higher than what is achieved

during DMA or DRS experiment. Another point is that laser shot induces the production of a large

pressure that in
uences the behaviour of the shocked materials while the pressure during DMA or

DRS is low. Figure 1.34 shows the e�ect high strain rate (in the form of ahigh frequency applied

through DRS experiment) on molecular mobility and by extension, the glass transition temperature

of amorphous Poly(ethylen-vinyl acetate) (PVAc) [153]. The results show a shift of the Tg to higher
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temperature along the increase of the strain rate. (from� -10 °C at �_= 10 � 1 s� 1 to � 60 °C at �_=

106 s� 1).

Figure 1.34: 3-D plot from a DRS analysis for EVA70: dielectric loss (� ") versus frequency (f) and
temperature (T) (taken from [153]).

Time-Temperature Superposition

The Time-Temperature Superposition (TTS) is used to describe the viscoelastic behaviour of linear

polymers over a broad range of times. Mechanical experiments such as DMA or DRS are realised at

a set frequency and di�erent temperatures. Each curve is then translated by a factor aT to produce

a mastercurve that covers a wide range of frequencies. The shift factor is expressed by using an

Arrhenius equation and the Williams-Landel-Ferry (WLF) equation [154].

log(aT ) =
� C1(T � Tr )
C2 + ( T � Tr )

(1.19)

With:

T : the temperature

Tr : the reference temperature chosen for the master curveC1 and C2 : empirical constants

The Time-Temperature Superposition can be interesting to studythe behaviour of material under

high strain rates like the one that are observed during laser shock peening (� 106 s� 1). It can
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(a) (b)

Figure 1.35: (a) Segments of shear relaxation modulus at di�erent temperatures, (b) master surve of
shear relaxation modulus at reference temperature for Polyamide-6 (taken from [155]).

also be used the other way around to predict the behaviour of a viscoelastic polymer at really low

temperature by doing experiments at high frequency. Although the use of DRS compared to DMA

appears to be largely preferable considering its extensive frequency range, the set-up is more complex

and the apparatus more di�cult to �nd. The last problem lies in the tre atment of the data which is

also more complex with DRS through the use of the Havriliak-Negami model to treat the data and

extrapolate the results to an even higher range of frequency and temperature [156, 157]. For these

reasons DMA experiments are a lot more common to �nd in the literature.

1.4.7 Model to describe elasticity

To model the mechanical behaviour of elastomers, hyperelastic models are often used. These model

are able to describe the behaviour of a material at large strains. A plethora of models exist to describe

this type of material behaviour but all the models are phenomenological.A list of some of the existing

models is given in table 1.3:
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Table 1.3: List of hyperelastic models sorted by their year of publication and number of material
parameters (partially taken from [158]).

Model Year Number of material parameters Reference

Mooney 1940 2 [159]
Neo-Hookean 1943 1 [160, 161]
3-chains 1943 2 [162]
Ishihara 1951 3 [163]
Biderman 1958 4 [164]
Gent and Tomas 1958 2 [165]
Hart-Smith 1966 3 [166]
Valanis and Landel 1967 1 [167]
Ogden 1972 6 [168]
Haines-Wilson 1975 6 [169]
Slip-link 1981 3 [170]
Constrained junctions 1982 3 [171, 172]
van der Waals 1986 4 [173]
Arruda-Boyce 1993 2 [174]
Gent 1996 2 [175]
Yeoh and Fleming 1997 4 [176]
Tube 1997 3 [177]
Extended-tube 1999 4 [178]
Shari� 2000 5 [179]
Micro-sphere 2004 5 [180]
Khajehsaied 2013 3 [181]
K •ulc•u 2020 2 [182]

Usually the most used ones are the Neo-Hookean, Mooney-Rivlin, Ogden and Arruda-Boyce models

as their are implanted in most Finite Element Modelling (FEM) soft wares. Figure 1.36 gives an

example of the �t between experimental data and simulated ones with the Arruda-Boyce model:

1.4.8 Model to describe glassy polymers

A glass is by de�nition rigid and should resist plastic deformation. Cohen and Turnbull showed that

an ideal glass have zero entropy [183]. This a�rmation means that there is only one con�guration

accessible to the glass or that the energy needed to pass to another con�guration would have an

activation barrier of nearly in�nite energy. In practice the con�gurati onal entropy of a glass is never

zero as it has been shown by calorimetric measurements [184]. The classic de�nition of polymer under

glassy state is that its chains are frozen so the position of each atoms staysconstant over any time
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Figure 1.36: Results of simulations using the eight chain model versusdata in uniaxial extension,
biaxial extension and shear (taken from [174]).

interval even if in practice a glass is considered to be a material in ametastable state but with a

needed time to rearrange itself far too big to be taken into account. The rigidity of a glassy structure

steams from van der Waals and dipolar forces between neighbouring chains coupled with intramolecular

forces. These forces block the rotation of backbone bonds thus increasing the segments over which

intermolecular forces can act by blocking rearrangements. Some models exist to describe these e�ect

like the one developed by Boyce in 1988 [185].

In the materials of interest for this study, a complete model would need to include an elastic part

at the beginning of the loading and then a plastic part when the pressure and strain rate go up. The

relaxation time of the polymer chains would also be needed to accuratelyrepresent the deformation

of an hyperelastic material under these speci�c conditions. No modelhas been found in the literature

to represent this type of interaction as of now.

1.5 Conclusion on the needed properties for the con�nement

This chapter showed the di�erent phenomena involved during thelaser shock peening process and

their e�ect on the target and polymer con�nement chosen. It also presents the speci�cations needed for

the polymer con�nement to be e�cient as well as the laser parameters aimed for the LSP treatment.

These speci�cations are summarized below:
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Con�nement polymer properties:

ˆ Good pressure produced (� 4
GPa)

ˆ Good optical transmission

ˆ Easy bonding/debonding

ˆ Flexible

ˆ Thermally resistant

Laser parameters:

ˆ Laser spot6 1 mm

ˆ No thermal coating

ˆ Fiber transportation

ˆ 1064 nm

ˆ High repetition rate

If all these speci�cations are met, the treatment of claustrated areas,impossible to treat with wa-

ter con�ned LSP will be implementable. However, to reach a mature process, the �rst step is to reach

su�cient pressure with a laser shot using polymer con�nement to be able to induce high compressive

residual stresses in the alloy treated. Secondly, a mastering of the process with polymer con�nement

necessitate an understanding of its behaviour under shock to optimize the process. The di�erent tools

and apparatus used for these characterizations and experiments are described in the next chapter.
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Introduction

This chapter describes the di�erent materials, diagnostics and tools used for the di�erent exper-

iments realised during this PhD work. First, the two di�erent l asers used for the laser shots are

presented and described followed by a presentation of the measurement of their typical laser spot,

pulse duration and energy measurements. In a second part, the velocity interferometer system for any

re
ector (VISAR), the main tool used for the laser shock characterization during this project work,

is extensively described, from the measurement procedure and the physical principles involved to a

description of typical signals collected. The description of the VISARis closed by a description of the

advantages of the technique compared to the other measurement techniques. The next part presents

the numerical tools used for the simulation of the backface velocity pro�les collected with the VISAR

measurements. The description covers the target geometry and boundary conditions, the entry data

and the consitutive model chosen for the simulations. A descriptionof the material characterization

tools is then presented. An extensive description of the dielectric relaxation spectroscopy is given com-

pleted with the Hariliak-Negami and Vogel-Fulcher-Tammann equations used for the data treatment.

To �nish, the chapter �nal part describes the residual stress measurements procedures chosen for the

study of the materials treated by laser shock peening.

2.1 Lasers

2.1.1 Laser Description

2.1.1.1 H�epha•�stos

H�epha•�stos facility at PIMM laboratory (Laboratory for Processes and Engineering in Materials

and Mechanics, Paris, France). The laser is a Ga•�a HP laser from THALES (Elancourt, France) and

is composed of two Nd:YAG synchronised lasers. Both lasers have a wavelength of 532 nm and deliver

each up to 7 J of energy with a Gaussian temporal pro�le showing a Full Width Half Maximum

(FWHM) of 7 ns.
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Figure 2.1: Ga•�a HP laser used in the H�epha•�stos facility.

2.1.1.2 The•�a

The The•�a laser is a Nd:YAG diode-pumped solid-state laser from Thales (Elancourt, France)

working at a wavelength of 1064 nm. The energy delivered can go up 1 J with aGaussian pulse

duration varying from 6.9 to 21 ns at Full Width Half Maximum (FWHM) with a f requency of 200

Hz.

Figure 2.2: The•�a laser used in the H�epha•�stos facility.
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2.1.2 Laser spot

An accurate measurement of the laser spot size is crucial for the laser shock experiments and also

for treatment. Since the entry information known from the laser is the energy, knowing the surface

of the laser spot used is needed in order to correctly assess the laserintensity produced in GW/cm ².

This information is all the more important when small spots (typically < 1 mm) are chosen since

the 
ux density vary way more with their size variation. Another impor tant aspect when de�ning a

laser spot characteristic is its homogeneity. In the case of the presence of surintensity, a breakdown

plasma can be triggered at laser intensities lower than the breakdownthreshold, the treatment can

also be a�ected with large spots since the applied pressure resulting from the shock won't be evenly

distributed throughout the spot surface. This e�ect is mitigated wh en small spots are used with the

potential surintensities being mixed together due to the small spot size. Thanks to this, using laser

spot sizes inferior to 1 mm does not necessitate the use of a Di�ractive Optical Element (DOE) to

obtain a fairly homogeneous energy repartition.

To homogenize laser spot with a size superior to 1 mm, a DOE is placed under the focusing lens.

This type of lens is manufactured to have beam shaping properties while allowing the incident laser

to retain its di�erent properties such as beam size, polarization or wavelength. Figure 2.4 gives an

example of the di�erence obtained with and without using a DOE on the H�epha•�stos platform for

fairly large spot.

To obtain the image of the laser spot a camera (Basler acA2040-25gm/ gc, Monochrome, CMOS

1" with a Pixel Size of 5,5 � m Ö5,5 � m) is used, the camera is placed on the lasers trajectory at a

de�ned focal length. To protect the camera, densities are used at thetop of the focusing lens and

before the camera entry. The last density also serves as a �lter for the ambient light that could bring

noise on the images. The measurement on the Th�e•�a laser were done only with the use of a DOE.

Figure 2.3c gives the laser spot pro�le used for the shot with a laser spot size of 1.2 mm.

2.1.3 Pulse duration measurement

The duration of the laser pulse used has an in
uence on the mechanical properties imparted in

the material shocked. A longer pulse will induce a deeper plasti�cation but will also have a lower

breakdown threshold which will limit the maximum pressure produced by the laser shock process
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(a) (b)

(c)

Figure 2.3: Laser spot pro�le obtained by direct camera measurement, 2D pro�les are extracted with
ImageJ software [186]. (a) Laser spot on the H�epha•�stos laser without the use of a DOE. (b) Laser
spot on the H�epha•�stos laser with a DOE. (c) Laser spot with a DOE on the Th�e•�a laser.

(see 1.2.2 and 1.2.3.1). The measurement of the pulse duration is done witha photodiode (Thorlabs

DET10A1) located on the path of the laser before focalisation. The experiment was done on the

H�epha•�stos laser with one of the two beams and both of them to compare. The pulseduration was

calculated at the Full Width at Half Maximum (FWHM).

The measured pulse duration was 7 ns, the measurements were made at each shot to take into
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(a) (b) (c)

Figure 2.4: Laser pulse measured by photodiode on H�epha•�stos laser, the intensity is normalized. (a)
beam A, (b) beam B, (c) beam A+B.

account potential driftings of the result depending on the laser maintenance. The laser intensity

did not have an in
uence on the pulse duration measured as normalized pro�les at di�erent laser

intensities gave the same duration. In the case of the Th�e•�a laser, two di�erent pulse durations were

used, respectively 9 and 21 ns to study the in
uence of this parameter on the pressure produced and

on the breakdown phenomenon triggering.

2.1.4 Energy measurement

During a laser shot the energy delivered by the laser is given in theassociated software piloting the

laser. The measurement is done by an internal calorimeter inside of the laser so the values given do not

take into account the optic path loss associated with the re
ections of the laser pulse on the di�erent

mirrors to bring the pulse to the target. For example the loss through the last lens and DOE assembly

is around 10% of the total energy. To calibrate the internal calorimeter, energy measurements are

realised directly on the target after all optics. The energy is measured on the whole range of energy

of the laser. Figure 2.5 give an example of a calibration on the laser with a slope of 0.914. A� 10%

correction is observed.

2.2 VISAR

Laser interferometry is a technique of choice to obtain the velocityversus time of a shocked object.

The con�guration usually used uses a laser beam re
ected on the mirrorized surface of the shocked

target. The laser shock induces a small shift in the laser wavelength. The re
ected beam is separated

in two, one part is delayed by a Michelson interferometer before being recombined with the other. It
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Figure 2.5: Result of the energy calibration showing the di�erence between the energy given by the
laser software and the energy calculated at the surface of the material shocked for beam A of the
H�epha•�stos facility.

results in the light being combined with itself at a time t � � , with � being the delay time. It it then

possible to link the fringe count f (t) to the target's surface velocity u(t � 1
2 � ) following the equation

given by Barker [187].

u(t �
1
2

� ) =
�F (t)

2� (1 + � �=� 0)(1 + � )
(2.1)

With:

t: the time.

� : the wavelength of the laser.

(1 + � �=� 0): a correction for the index-of-refraction variation with the shock stress if a transparent

"window" material is used. If none is used� �=� 0 = 0 .

(1 + � ): a correction factor which is a function of the refraction index of the etalon material and of

the laser wavelength.

The problem of most laser interferometry technique lies in that it needs very little surface tilt from

the target. Another problem is the need of a mirrorized surface on the backface on the sample due

to the di�erent length of the two branches of the interferometer which can cause spatial incoherence
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in the laser beam. Due to these limitations, high velocity impacts where di�cult to study up to the

apparition of the VISAR (Velocity Interferometer System for Any Re
ec tor) [188].

This system allowed for the use of a di�use specimen surface thank to the fact that the two legs

of the interferometer were now appearing to be the same length. Withthis new setup the use of

di�use specimen surface also make the system nearly insensitiveto tilting. This setup is based on

the use of the WAMI (Wide Angle Michelson Interferometer) con�guration [189] which allows for an

easier observation of the fringe patterns with low light levels (i.e. di�use light). A particularity of

this VISAR is the monitoring of two fringes signals which are 90� out of phase thanks to a polarizer.

A quarter-wave plate is then used to retard the P component of the light by a phase angle of 90�

compared to the S component. This leads to a circular polarization on the oscilloscope as shown of

�g. 2.6.

Figure 2.6: Circular light polarization used on the VISAR setup

This con�guration leads to the formation of two 90 � out-of-phase fringe pattern when theP and S

components are reunited. The recording of two signals 90� out-of-phase is very important because if

the interferometer's output light intensity I versus the fringe countF is plotted, it will take the form of

a sine wave. Because of that at the maximum and minimum of the wave (dI=dF = 0 ) a slight change

in the fringe count will not be noticeable. By having a 90° out-of-phase fringe pattern if a point is

situated on a minimum or a maximum of the sine wave it will be in a regionof good resolution on the

other fringe pattern. This method also permits to discriminate between acceleration and deceleration.

2.2.1 Measurement principle

As said before, the VISAR allows for the measurement of the Doppler shiftof a laser wavelength on

the backface of a target moved by a shockwave. This shockwave is travelling through the thin target
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from the front face of the material where the laser shock created a plasma release which produced a

shockwave. The speed of the backface is linked to the wavelength shift following:

� (t) = � 0(1 � 2
u(t)

c
) (2.2)

With:

ˆ � 0: The initial wavelength of the probe laser (in this case 532 nm)

ˆ u(t): The material speed in function of the time

ˆ c: The speed of light

The fringe scrolling F (t) produced by the interferometer is linked to the speed following:

u(t) = K:F (t) (2.3)

ˆ K : The fringe factor in m=s=fringe , determined by the length of the etalon standard on the

second arm of the setup since the signal is interfering with itself, refelcted at a time t � � . Each

fringe corresponds to a predetermined increment of speedK .

ˆ F (t): The fringe count

The fringe factor can also be linked directly to the initial laser wavelength � 0 and the delay �

which is directly linked to the length of the etalon standard used:

K =
� 0

2�
(2.4)

2.2.2 PIMM's VISAR Setup

PIMM'S VISAR is based on the one from Barker [188, 187] with some added modi�cations from

Tollier [190, 191]. The VISAR's setup is given in �gure. 2.7. The system is composed of a VERDI

probe laser (5W, 532 nm). This laser is re
ected at the surface of the target and is then directed

through the optic �ber through a mirror with a hole. At the beginning of t he VISAR the beam is
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polarized and then goes through a beam splitter to be separated and sent in the two arms of the

VISAR. The �rst arm is between the phase plate and the M1 mirror is the reference branch. The

wave goes through it at a time t. The polarizer and the �= 8 plate are used to create two interference

system 90� out-of-phase. The second arm is between the phase and the mirror M2 and is the delay

branch. The standard used in it is a BK7 glass standard with an optical index superior to the one of

air. It is use to delay the wave by a time � (so it allows changingK ) which depends on the length of

the used standard. The mirror M3 is used to direct the recombined waves in another beam splitter to

send each 90� out-of-phase interference system in a distinct photomultiplicator PM1 and PM2.

Figure 2.7: Schema of the PIMM's VISAR principle

2.2.3 Signals obtained by VISAR

The signals obtained from the two photomultiplicators are not directly useable and need to be

treated through �a Python code called PVisar. An example of signals obtainedis given in �gure. 2.8a.

The result obtained once the data are treated through PVisar is given in �gure. 2.8b. The two

main peaks show the wave going back and forth in the material shocked while the �rst one near 0 ns

is the photodiode seeing the laser pulse.
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(a) (b)

Figure 2.8: (a) Signal obtained by VISAR on an aluminium target, 1 mm thick, solid acrylate con-
�nement, shot with a Gaussian 7.5 ns pulse, a 3.74 mm laser spot and an intensity of 2.08 GW/cm 2.
(b) Free surface speed pro�le corresponding to the signals shown in(a).

2.2.4 Advantages over other measurement techniques

Apart from VISAR other methods can be used to measure the backface speed ofa target after

a shock. Two main methods were used before the VISAR, namely the PVDFcaptor and the EMV

gauge.

ˆ The PVDF captor is a piezoelectric captor. It has a stronger response than a classical quartz

piezoelectric. The drawback of this type of captor lies in that it has to be in contact with the

shocked target. The pressure measured by this type of captor is also limited to around 13 GPa.

ˆ The EMV gauge is another option but the electromagnetic �eld is di�cult t o measure during

the shock, leading to bigger uncertainties than with VISAR.

VISAR measurement has some pro and cons but is overall the best technique when it comes to

backface speed acquisition during laser shock.

ˆ Cons: The target needs to di�use the light. The signals obtained need to be post processed in

order to be of use. The probe laser can in some cases (when working with epoxy for example)

damage the target or speci�cally with polymers, post-cure them. Last, VISAR measurement is

not adapted for short pulses (< 1 ns) and/or sharp front shock rise (� hundreds of ps) due to

the response time of the photomultiplicators used)
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ˆ Pros: VISAR measurement is a non-contact method which only depends on the target properties

and with no pressure measurement limit as long as the length of the etalon standards useable is

large enough.

2.3 Numerical simulation

For the simulation of the di�erent experiments the �nite element analysis software Abaqus was used

[192]. The modelling of the di�erent shock experiment allows confronting the results obtained with

the �nite element modelling associated but also to extract supplementary information. For example

with the accurate simulation of a backface velocity pro�le from a VISAR measurement it is possible

to extract the pressure produced by the shock on the front face of the shocked material. For all the

simulation, an axisymmetric model was used in order to reduce the computation time. Laser shock

is well indicated for this time of simpli�cation since the laser spot is round although it once again

highlights the need of a good beam quality to have the same loading during the shock at each point

of the area illuminated.

2.3.1 Target geometry and boundary conditions

The materials modelled used CAX4R (4-node bilinear axisymmetric quadrilateral, reduced inte-

gration, hourglass control) elements except for the residual stressessimulation where in�nite elements

were also used outside of the interest area to avoid the shockwave going back and forth. In this case

the elements chosen were CINAX4 (4-node linear axisymmetric one-wayin�nite quadrilateral). The

mesh used was �ner in the area of interest with a size of 1� m x 1 � m. outside of the area of interest

a BIAS function in the X direction was used to reduce the time of calculation. For the boundary

condition, the bottom right corner of the modelled materials, opposed tothe shocked area was �xed

to represent the sample holder used during the experiment. Figure 2.9 shows the typical geometry of

a target used for the simulation of the laser shock peening process. Figure 2.10 gives a typical mesh

used for the �nite element modelling of a single pulse laser shockprocess.
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Figure 2.9: (a) typical target geometry used for LSP simulation, (b) 2D axisymmetric Finite Element
model.

Figure 2.10: Typical mesh re�nement used for the LSP simulation.

2.3.2 Entry data

2.3.2.1 Spatial pro�le

The spatial pro�les were produced by �ltering real laser spot pro�le s measured with a camera

(Basler acA2040-25gm/ gc, Monochrome, CMOS 1" with a Pixel Size of 5,5� m Ö5,5 � m). The �lter

used was the Butterworth �lter from python [193, 194]. The �ltering is us ed to avoid errors during

the calculations as with the local oscillations observed at the top of a classic laser spot pro�le that

can induce multiple pressure in one cell causing the calculation tocrash. The "
attening" of the top

of the laser spot pro�le is also justi�ed by the fact that at the beginnin g of the plasma creation, the

incident laser energy is absorbed uniformly by the plasma thus justifying the approximation. Figure

2.12 shows the di�erence between a laser spatial pro�le before and after �ltering for a 1 mm spot.
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(a) (b)

Figure 2.11: (a) non �ltered laser spatial pro�le obtained from a 1 mm laser spot with camera imaging
and treatment via imageJ software. (b) Filtered laser spatial pro�le obtained with the Butterworth
�lter through a Python code and used for the simulation.

2.3.2.2 Pressure pro�le

The pressure pro�les used for the simulations were either generated from a VDLOAD subroutine at

the beginning of the PhD work or through a Python code using the one developed M. Scius-Bertrand et

al. in [195] for laser irradiationat 532 and 1053 nm. The pressure pro�les generated from the VDLOAD

subroutine are normalized in intensity, the loading is then adjusted on Abaqus to accurately represent

the backface velocity pro�le simulated. The same method is appliedwith the pro�les generated from

[195] work even if in most case the pressure obtained before normalization is close to the one obtained

after varying the loading by inverse method. For each shot a pressurepro�le is generated and the

loading adapted to be able to accurately reproduce the back face velocity pro�le. Figure 2.12 shows

a typical pressure pro�le generated through the Python code for a 7 ns Full Width half Maximum

(FWHM)shot and a pro�le obtained with the code, adapted in the paper for a 1053 nm, 7 ns FWHM

interaction with a laser intensity of 4.05 GW/cm ².

The di�erence between the two pro�les is explained by the pulseshape of the lasers used. Figure

2.12a uses the H�epha•�stos laser which produces Gaussian pulses while the GCLT laser used in the

study for the code uses Top-Hat pulses.

106



(a) (b)

Figure 2.12: (a) Normalized pressure pro�le obtained with the Python codefor a 7 ns FWHM, 532
nm Gaussian pulse laser shot (b) Pressure pro�le obtained with the Python code for a 7 ns, 1053 nm,
4.05 GW/cm² top-hat pulse laser shot.

2.3.3 Constitutive models

Multiple constitutive models exist to describe the behaviour of metals and viscoelastic materials.

In this manuscript the metals and alloys used where mainly pure aluminium (99.0%) and aluminium

7175-T7351. The polymers modelled were epoxies. The values for the simulations were either obtained

from previous studies realised by other researchers and post-doc or directly taken from Abaqus or

material characterization. For the epoxies, general values were taken the same way but are subject to

more possible errors as the diversity or epoxies is broad with varyingYoung's modulus and densities.

2.3.3.1 Elasto-plastic

An elasto-plastic model is an easy-way to represent the behaviour of metallic material under laser

shock since the loading is considered uniaxial. The model is constituted of few parameters, in this case

only four: the Young's modulus E , the density � , the Poisson's coe�cient � and the yield stress� Y to

represent the behaviour of the material modelled under loading. This type of model by itself induces

some error compared to the others presented after and moreso when theyare coupled together.

2.3.3.2 Jonhson-Cook

The Jonhson-Cook constitutive law is classically used to describelaser shock experiments. Com-

pared to other models it takes into account the strain rate, strain-hardening and temperature e�ects.
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It is also easily accessible since it is directly implemented inFinite Element Modelling (FEM) soft-

wares such as Abaqus and LS-Dyna and �nally it can be coupled with Equation ofState to re�ne the

results. Another main advantage is the fact that the parameters needed aregenerally easily available

and if not, can be obtained through multiple experiments: torsion tests at di�erent strain rates, static

tensile tests or Hopkinson bar tests at ambient and high temperature.

The model de�nes a Von mises yield criterion (equivalent to the yield strength � y) with the

equation:

� = ( � y + B� n
p )

�
1 + Cln

� �_
�_0

� ��
1 �

� T � T0

Tmelt � T0

� m
�

(2.5)

With:

� y : Yield stress

B : Strain hardening modulus

� p: Equivalent plastic deformation

n: Hardening coe�cient

C: Strain rate sensitivity

�_: Strain rate during the experiment

� 0: Reference strain rate

T0: Room temperature

Tmelt : Fusion temperature

m: Thermal softening coe�cient

The �rst part of the equation describes the strain hardening e�ect, the second characterizes the

strain rate e�ect and the last part is used to take into account the stress evolution with temperature

during the plastic deformation. The thermal is not used in the modelling of this manuscript. Pre-

liminary simulation were made in [196] and showed that the local temperature increase caused by the

plastic deformation and the shockwave propagation did not have a noticeable in
uence on the backface

velocity pro�le results obtained from the modelling.

2.3.3.3 Mie-Gr•uneisen equation of state

The Mie-Gruneisen equation of state is an equation of state that link pressure and volume in a

solid at a de�ned temperature. It is generally used in a solid to determine the pressure during a shock.

The equation stem from the Gr•uneisen model used to describe the e�ect of a crystal lattice volume

variation on its vibrationnal properties. The basic Mie-Gruneisen equation is as follow:
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� = V
�

dp
de

�

V
(2.6)

With:

� : The Gr•uneisen parameter, representing the thermal pressure from a setof vibrating atoms.

V: Volume

P: Pressure

e: Internal energy

With the assumption that � is independent from p and e the Gr•uneisen model can be integrated to

obtain:

p � p0 =
�
V

(e � e0) (2.7)

With:

p0: Pressure at a reference state (T = 0 K)

e0: Energy at a reference state (T = 0 K)

With this assumption, the value of p0 and e0 is decorrelated from the temperature and their value can

be estimated trough the Hugoniot equations.

Hugoniot equations

The Hugoniot equation governs energy, momentum and mass with the three equations:

EH � E0 =
1
2

(PH + P0)(V0 � V ) (2.8)

PH � P0 = � 0usup (2.9)

� (usup) = � 0us (2.10)

With:
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E: the specifc internal energy

P: the pressure

V : the volume

us: the shockwave velocity

up: the particle velocity

� : the density

The relation between the shockwave velocityus and the particle velocity up can be expressed linearly

by:

us = C0 + Sup (2.11)

With C0 the sound velocity, meaning the speed of an elastic wave in the material and S the

Hugoniot constant speci�c to the material. The particle velocity up is obtained through the maximum

speed of a backface pro�le measured with a VISAR while the shockwave velocity us is extracted from

the same backface velocity pro�le by calculating the time between two peaks corresponding to the

shockwave going back and forth in the material shocked. Databases of material parameters exist for

the Mie-Grune•�sen equation of state and can be found at [197, 198]

2.4 Material characterization

2.4.1 Infra-Red spectroscopy

Infra-red (IR) spectroscopy consists in identifying the energy level change when radiation passes

through the material. It allows for the identi�cation of chemical groups t hrough the characteristic

vibration of their covalent bond under irradiation. This technique i s a good way of monitoring the

polymer damaging via the reduction or apparition of certain bands, characteristic of broken bonds and

the new groups attaching to them. Each molecule absorbs frequencies characteristic of their structure.

When the IR radiation frequency is equal to the frequency of a chemical bond, the molecule absorbs

the radiation, causing a band on the IR spectra. The information obtained is the transmitted light

which allows the calculation of the transmitted energy at a speci�c wavenumber.
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2.4.2 Dielectric relaxation spectroscopy

The Dielectric Relaxation Spectroscopy (DRS) experiments were realised with an Alpha Analyzer

from Novocontrol Technologies GmbH while the temperature was controlled with a stability of � 0.5° C

with a Quatro Cryosystem (Novocontrol Technologies GmbH). The experiements were realised at GPM

(Groupe de Physique des Mat�eriaux) at university of Rouen by Cl�ement Fosse who also did the �tting

of the plots. The experiment under pressure was performed by Abdoulaye Soumaila Sounakoye. The

experiment were used as a mean to obtain information on the strain rate andpressure e�ect on the

physical state of the di�erent polymers that were studied.

2.4.2.1 Principle

Dielectric relaxation spectroscopy is used to measure the dielectric properties of a material de-

pending on the frequency applied. The external �eld created by the experiment interacts with the

material's dipoles moment. Generally, the dielectric propertiesare represented by the permittivity �

through Maxwell's equation:

� � (! ) = � 0� i� 00 (2.12)

! represents the angular pulsation (! = 2 �f with f the frequency). A peak in the imaginary part

of the permittivity � 00is characteristic of the dynamic glass transition that induces segmental relaxation

of the chains. Another way to represent the dynamic glass transition isthrough the calculation of the

loss factor using:

tan � =
� 00

� 0 (2.13)

In practice the DRS apparatus is going to measure the complex impedanceZ � of the system

studied. The measured value will be the intensityI 0 at same frequency (! ) than U0 but with a phase

angle � .

Z � =
U �

I � (2.14)

With U � = U0 and I � = I 0+ iI 00. The two components of the complex intensity are then determined

with the intensity I 0 obtained from the measurement at a phase angle� :

I 0 =
p

I 02 + I 002 (2.15)
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tan � =
I 00

I 0 (2.16)

To link these values with the permittivity to accurately descri be the dielectric properties of the material

studied, the following equation is used:

� � (! ) = � 0� i� 00=
� i

!Z � (! )C0
(2.17)

With C0 the initial capacity of the system without any sample in the apparatus. The real and

imaginary parts of the permittivity are determined with:

� 0 = � 1 +
� s � � 1

1 + ! 2� 2 (2.18)

� 0 =
(� s � � 1 )!�

1 + ! 2� 2 (2.19)

The complex permittivity is also obtained directly from the Debye relaxation:

� � (! ) = � 1 +
� �

1 + i!�
(2.20)

With:

� � = � s � � 1

� 1 : The permittivity at the high frequency limit

� s: The quasi-static permittivity (at low frequency)

� : The characteristic relaxation time of the material

In practice, the permittivity is measured at di�erent temperatu res and frequency to produce a 3D

relaxation map showing the di�erent transitions potentially happeni ng in the measured material in

function of the parameters applied. Figure 2.13 shows an example of the data that can be obtained

with DRS measurement. The � transition shown on the plot indicates the shift of dynamic glass

transition depending on the frequency applied, giving information on the molecular mobility under

high strain rates up to 2.106 s� 1. The peak called� is the witness of a ionic conductivity phenomenon.

2.4.2.2 Apparatus

The DRS apparatus used was a Alpha Analyzer from Novocontrol technologies GmbH with a

frequency range going from 10� 1 to 2.106 Hz. The samples were 20 mm wide round and 500� m thick
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Figure 2.13: 3-D plot from DRS analysis for EVA70: dielectric loss (� 00) versus frequency (f ) and
temperature (T) (Taken from [153]).

pellets. The samples were placed between parallel fold electrodes. The temperature was controlled

with a Quatro Cryosystem from Novocontrol technologies GmbH with an accuracy of � 0.5 °C. The

equipment can go up to 1011 Hz but would necessitate a setup change so the measurement have been

stopped at 2.106 Hz to avoid setup changes. Figure 2.14 shows a classic DRS apparatus schema:

Figure 2.14: Schema of the DRS setup with the Alpha Analizer from novocontrol technologies GmbH
(from [200]).
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2.4.2.3 Data treatment

2.4.2.3.1 Havriliak-Negami

To extrapolate the data obtained to higher temperatures or frequencies, the Havriliak-Negami

model is used [156]. It is an extension of the Debye relaxation equation (see equation 2.20) used for

the description of the relaxation of polymers that takes into account theasymmetry of the permittivity

peaks.

� � (! ) = � 1 +
� �

�
1 + ( i!� ) �

� � (2.21)

Through the �tting the relaxation strength � � , the relaxation time � and the symmetric and asym-

metric broadenning factors � and � can be determined [156, 157].

2.4.2.3.2 Vogel-Fulcher-Tammann

The Vogel-Fulcher-Tammann equation is used to obtain the relaxation time of the chains.

� max = � 0 exp
�

D T0

T � T0

�
(2.22)

The fragility index ( m) is the quanti�cation of the speed of transition of solid to liquid of a material

dependent on the temperature. This index is used in the temperatures close to the glass transition

and is de�ned at � = 100 s. The higher the fragility index is, the more the polymer will be fragile.

This index is obtained with the Angell's equation [199]:

m =
d log(� max )

d(Tg=T) T = Tg

(2.23)

An example of the results and �t obtained with the Havriliak-Negami and VTF e quation is given

in �gure 2.15 for the same copolymer but with varying ratios.

2.5 Residual stresses measurement by XRD

The calculation of the residual stresses is done using Bragg's law (see�gure 2.16:

n� = 2d sin� (2.24)
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Figure 2.15: Temperature dependence of the glass transition temperature time for PVAc and EVA
copolymers (from [153]).

With:

n : the di�raction order

� : the wavelength of the cathode (here Cr cathode so� = 2.291 �A)

d : interplanar spacing

� : the scattering angle

Figure 2.16: Bragg di�raction. Two incident beams with a known wavelength � are re
ected with a
� angle on two di�erent atoms separated by a plane distanced.

In the con�guration used, all the parameters are known, the varying parameter is the angle 	 .

The de�nition of the two angles � and 	 is given in �gure 2.17
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Figure 2.17: Representation of the two angles� and 	 .

Due to the laser shock treatment, the plasti�cation of the surface induces a shift in the interplanar

spacing valued. This shift is then used to extract a strain " :

"hkl =
dhkl � d0

hkl

d0
hkl

(2.25)

The above equation allow the extraction of the strain following the X and Z planes. Considering

the sample geometry and the nature of the laser shock treatment (an uniaxial stress hypothesis is

used) it is possible to assume that" x = " y . The stress calculation is then realised using:

� i =
E

1 + �

�
" i +

�
1 � 2�

(" x + " y + " z)
�

(2.26)

With i the direction in which the stress is calculated. The sin2(	) method is then used. It consists in

sweeping a	 angle and record the broadening of the di�raction peak caused by the plasti�cation of the

matter provoked by the laser peening treatment. This broadening isobserved through a modi�cation

of the d value of the interplanar length depending on the	 angle:

" 	 =
1
2

S2(� x � � z)sin 2(	) +
1
2

S2� z + S1(� x + � y + � z) (2.27)

Finally, the slope and intercept of " depending on sin2(	) gives the stress by linear combination.
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Introduction

This chapter presents the di�erent parameters in this speci�c study that can in
uence the laser

shock process. A �rst part describes the synthesis and choice of the con�nement with transmission

and pressure measurements realised for di�erent polymer con�ningmaterials. Other pressure measure-

ments are then presented with di�erent varying parameters such asthe laser wavelength, the Young's

modulus of the con�ning layer, the adhesive properties , chemicalcomposition of the con�nement. An

extensive study of the con�nement material thickness is also realised and details the e�ects induced

as well as the damaging depending of the con�nement depending on its thickness. Lastly, the chapter

closes on residual stresses measurements compared to the results obtained in the literature in order

to assess the e�ciency of our choice of con�nement when compared to theclassic water con�ned

con�guration used in other works.

Synth�ese et choix du con�nement

De multiples con�nements ont �et�e �evalu�es dans le but de d�ete rminer leur transmission optique,

leurs propri�et�es adh�esives et leur capacit�e �a produire une pression su�sante quand utilis�es comme

con�nement pour le proc�ed�e LSP. Des silicones, epoxys et des polym�eres acryliques ont �et�e �etudi�es en

parall�ele de l'eau classiquement utilis�ee comme con�neur et utilis�ee comme r�ef�erence pour la pression

maximale produite par un choc laser. Six con�nements di��erents sont ici pr�esent�es dans cette partie

pr�eliminaire a�n d'en montrer les pressions maximales atteignables. Les trois con�nement de la famille

des silicones sont: un polydim�ethylsiloxane fourni par Nicolas Gay,le vDT-431 choisi pour ses bonnes

propri�et�es adh�esives et le Sylgard184 pour ses propri�et�es m�ecaniques et optiques stables. Dans l'id�eal,

le con�nement choisi �a l'issue de cette �etape de s�election doit poss�eder toutes les propri�et�es pr�esent�ees

dans le cahier des charges donn�e �a la �n du chapitre I (1.5).

Synth�ese des polym�eres

Les di��erents polym�eres utilis�es pour les applications de choc laser ont �et�e soit directement achet�es

�a un fournisseur commercial, soit synth�etis�es au laboratoire PIMM . Le polym�ere acrylique a �et�e achet�e

�a la soci�et�e Coroplast alors que les autres polym�eres d�ecrits plus haut ont �et�e synth�etis�es au laboratoire

par une r�eaction entre une base et un durcisseur.
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Dans le cas des �epoxys , le mat�eriau pr�esent�e (�gure 3.1) est un test r�ealis�e pour des mesures

de transmission optique. En e�et, contrairement aux autres con�nements, l'�epoxy ne poss�ede pas de

propri�et�ees adh�esives une fois la r�eticulation termin�ee. D e ce fait, les cibles con�n�es avec un �epoxy ont

dues être r�eticul�ees directement sur les cibles aluminium utilis�ees pour les exp�eriences de choc laser.

Cette m�ethode induit l'apparition de contraintes r�esiduelles �a l'interface epoxy/cible aluminium. Ce

ph�enom�ene n'induit pas d'e�ets notables sur les r�esultats des exp�eriences de tir �a l'exception d'une

certaines sensibilit�e des �echantillons �a une s�eparation de l'assemblage si l'�echantillon n'est pas mani�e

soigneusement. Un cas sp�eci�que concerne le polycarbonate (PC) utilis�e dans le chapitre 4, qui a

�et�e directement r�eticul�e sur la cible aluminium par le biai s d'une presse chau�ante, provoquant une

grande sensibilt�e de l'�echantillon au d�ecollage du fait de sa faible�epaisseur et des contraintes r�esiduelles

provoqu�ees par la r�eticulation sur cible.

Mesures de transmission d'�energie

Les mesures de transmission optiquese sur les polym�eres de con�nement ont �et�e r�ealis�e en pla�cant

un calorim�etre (QE50LP-H-MB-QED, Gentec) sous le porte-�echantill on utilis�e dans les �exp�eriences

VISAR. La transmission d'�energie �a �et�e calcul�ee en utilisant la plus faible �energie laser possible tout

en pla�cant le calorim�etre le plus loin possible du point focal du laser dans le but de r�epartir l'�energie

laser sur le calorim�etre et r�eduire son possible endommagement. La mesure �a �et�e r�ealis�ee avec et

sans polym�ere de con�nement sur le chemin optique. La �gure 3.2 montre le montage utilis�e pour les

mesures.

Les mesures de transmission optique ont �et�e r�ealis�e sur l'eau etles di��erents con�nements polym�ere.

Chaque mesure �a �et�e r�ep�et�ee plusieurs a�n de garantir la stab ilit�e et la r�ep�etabilit�e de l'exp�erience.

Les donn�ees obtenues montrent un comportement di��erent entre l'eau et le con�nement acrylique �a

1064 nm. Au lieu d'une diminution de la transmission optique en passant �a une longeur d'onde laser

de 1064 nm au lieu de 532 nm, une l�eg�ere augentation de la transmission estobtenue alors qu'une

diminution est observ�ee dans le cas de l'eau. De ce fait, les pressions maximales produites par le

con�nement acrylique devraient augmenter l�eg�erement lors d'un passage d'une longeur d'onde laser de

532 �a 1064 nm contrairement �a l'eau qui voit sa transmission optique d�ecroitre l�eg�erement lors d'une

telle modi�cation de longueur d'onde. Le tableau 3.1 donne un r�ecapitulatif des donn�ees obtenues par

les mesures de transmission sur les di��erents mat�eriaux de con�nement.
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En partant de ces r�esultats, les pressions maximales produites �a532 nm avec le con�nement

acrylique devraient être l�eg�erement plus basse que celle produites avec le r�egime con�n�e eau (respec-

tivement � 90% de transmission contre 100% avec l'eau). A l'inverse les r�esultatsattendus �a 1064

nm devraient être �equivalents du fait des transmissions �egales de l'eau et con�nement acrylique �a

1064 nm. Cette hypoth�ese n'est cependant valide que dans le cas ou seule cette transmission optique

intervient dans le processus et ou les modes d'interaction laser-mati�ere sont les mêmes entre les deux

con�nements.

Mesures de pression

Pour d�eterminer un con�nement qui sera utilis�e pour le proc�e d�e de laser shock peening dans un

cadre industriel et pour la caract�erisation de l'interaction laser-mati�ere en r�egime con�n�e par polym�ere,

les di��erents polym�eres pr�esent�es pr�ecedemment ont �et �e �evalu�es par des mesures VISAR a�n d'obtenir

les pressions maximales produites en les utilisant comme con�nement pour des exp�eriences de choc

laser. Les pressions ont �et�e extraites des pro�ls de vitesse en face arri�ere par la m�ethode de simulation

num�erique pr�esent�ee dans la partie 2.3. Tous les tirs ont �et�e r�ealis�es sur des cibles d'aluminium 99.0%

d'1 mm d'�epaisseur avec une tache laser de 3 mm �a 532 nm et une dur�ee d'impulsion de 7 ns sur le

laser Ga•�a HP de la plateforme H�epha•�stos. Les r�esultats des mesures de pression sont donn�es dans la

�gure 3.3.

Les r�esultats montrent que les di��erents con�nements ne permettent pas tous de produire des

pressions �egales lors d'un choc laser. De plus, toutes les courbes peuvent être s�epar�ees en deux parties.

Dans un premier temps, la pression maximale augmente avec l'intensit�e laser de mani�ere quasiment

lin�eaire puis atteint un seuil auquel la pression sature. Cette deuxi�eme partie de courbe correspond au

d�eclenchement d'un plasma de claquage �a la surface ou dans le mat�eriau de con�nement. Les pressions

maximales et les seuils de claquages des di��erents mat�eriaux de con�nement �etudi�es sont donn�ees dans

le tableau 3.1. Avec ces informations, il est alors possible de r�esumer les perfomances des di��erents

con�nements polym�eres en fonction de leur famille:

ˆ L'eau produit les plus hautes pressions �a toutes les intensit�eslaser �etudi�ees. Le ph�enom�ene de

claquage apparait �a 7.0 GW/cm2 et la pression maximale atteinte est de 7.0 GPa.

ˆ Le con�nement acrylique donne des r�esultats �equivalents au r�egime con�n�e par eau. Le plasma
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de claquage se d�eclenche aussi �a 7.0 GW/cm2 et est coupl�e �a une pression maximale produite

de 7.6 GPa. Bien que la pression produite �a cette intensit�e sp�eci�que soit plus haute que celle

produite par l'eau, les pressions globalement extraites sont �equivalentes ou tr�es l�eg�erement in-

f�erieures au r�egime con�n�e par eau. Les pressions obtenues �a partir du seuil de claquage ne sont

pas prises en compte puisqu'instables �a cause l'�energie incidente amen�ee �a la cible qui n'est plus

pr�ecisement connue.

ˆ L'�epoxy utilis�e comme con�nement permet l'obtention de bons r�e sultats en terme de pressions

maximales produites mais aussi en terme de seuil de claquage bien quel'eau et l'acrylate reste

meilleurs. La pressions maximale produite atteint 5.3 GPa pour une intensit�e laser de 5.6

GW/cm 2, intensit�e �a laquelle le seuil de claquage est �egalement atteint.

ˆ Les silicones donnent tous les trois des r�esultats similaires, inf�erieurs �a ceux obtenus avec les

autres types de con�nements. En fonction du type de silicone, le seuil de claquage varie entre

3.7 et 5.5 GW.cm2 avec des pressions maximales comprises entre 4.1 et 4.7 GPa. Ces r�esultats

sont en partie dûs �a la transmission optique plus basse de ces polym�eres compar�es �a l'acrylate et

�a l'�epoxy. Le Sylgard184, qui poss�ede la plus haute transmission optique (90% contre 82% pour

le PDMS) produit les plus hautes pressions des trois silicones �etudi�es.

Bien que l'eau et le con�nement acrylate sortent du lot en terme de performances, les autres

polym�eres �etudi�es produisent eux aussi des pressions su�samment hautes pour envisager le traitement

de mat�eriaux a�eroanautique par choc laser en les utilisant comme con�nement. Le tableau 3.1 donne

un r�ecapitulatif des seuils de claquage et des pressions maximales produites par chaque con�nement.

En consid�erant les r�esultats obtenus avec les mat�eriaux polym�eres test�es, le con�nement acrylique

apparâ�t comme le plus adapt�e �a une utilisation comme con�neur pour une application en laser shock

peening de mani�ere industrielle. Pour cette raisonn, ce mat�eriau est aussi choisis pour des exp�eriences

de caract�erisations compl�ementaires. De la même mani�ere, l'�epoxy ainsi que le Sylgard184 sont aussi

choisi pour des exp�eriences compl�ementaires du fait de la possibilit�e de les synth�etiser au laboratoire et

d'en faire varier certaines propri�et�es. En utilisant ces deux autres polym�eres, une �etude sur l'in
uence

du module d'Young ainsi que sur les e�ets d'�epaisseur et de propri�et�es adh�esives sur le proc�ed�e de

LSP devient possible.
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3.1 Synthesis and choice of the con�nement

Multiple con�nements were tested in order to assess their performances as well as their optical

transmission and bonding properties. Silicones, acrylate based polymers and epoxies were studied in

parallel of water used as a reference for the maximum pressure produced by the laser shock experiment.

Six di�erent con�nements are presented in this preliminary part to show the range of capabilities in

terms of pressure produced by di�erent types of con�nement. The three di�erent silicones chosen

are described as follow: A polydimethylsiloxane supplied by NicolasGay, VDT-431 chosen for its

good adhesive properties and Sylgard184 for its overall good and stable properties from mechanical

to optical ones. Ideally the �nal chosen con�nement will have all the needed properties presented at

the end of chapter I (1.5).

3.1.1 Polymer synthesis

The di�erent polymers used as con�nement for the laser shock application were either directly

bought to a commercial manufacturer or synthesized at the laboratory. Theacrylate based polymer

for example was bought to a manufacturer while all the other con�nement were obtained by a classical

two parts reaction with a base and a hardener.

Figure 3.1: Typical reaction used for the synthesis of Sylgard184 and epoxyand �nal result of the
syntheses.

In the case of the epoxy, the material presented is only a test realised for optical transmission and

feasibility purposes. Contrary to the other polymer material, the epoxy does not have any adhesive
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properties once it is fully cross-linked. Consequently, the epoxy con�ned samples had to be produced

by directly cross-linking the polymer on the metallic target used for the laser shock. A resulting e�ect

of this method is that the epoxy polymer undergoes shrinkage duringits cross-linking which lead to

residual stresses at the interface target/epoxy. This phenomenon does not induce any real noticeable

e�ect on the 1 mm aluminium targets chosen for this con�nement except a higher propensity to

debonding of the epoxy layer is the target is bent or cut. In the speci�c case of the polycarbonate

(PC) used in chapter 4, the material was directly cured on the surfaceof the aluminium target by

heating and pressing it on the material to be con�ned.

3.1.2 Choice of the polymers of interest

In order to assess the e�ciency of each polymer con�nement chosen, the �rst step is to be able

to accurately measure the laser energy brought to the surface of the metallic target. To do that, the

optical transmission of the di�erent polymers used as con�nement need to be measured.

3.1.2.1 Energy transmission measurement

The optical transmission measurement on the polymer con�nement is realised by placing a calorime-

ter (QE50LP-H-MB-QED, Gentec) under the sample holder used for the experiments. The transmis-

sion is calculated using the lowest possible laser energy while placing the calorimeter the farthest away

from the focal point to di�use the energy of the maximum surface of the calorimeter to avoid any

damaging of the device. The energy received is recorded with and without the con�nement on the

laser path. Figure 3.2 shows the transmission setup used for the characterization of the con�nements.

Transmission measurements were performed on the water and polymer con�nements. Each mea-

surement was done multiple time to ensure the stability and repeatability of the results. The data

obtained show a behaviour di�erent than the one observed with water. In the case of the polymer

con�nement and especially for the acrylate based one, instead of a diminution of the optical trans-

mission with the wavelength change, a slight increase was observed when subjected to an infra-red

irradiation. This should lead to a pressure production equivalent between water and the acrylate tape

con�nement under the two wavelengths. Even slightly higher pressures should be observed from the

polymer con�nement when shot with a 1 � m range laser. Table 3.1 gives a recap of the results obtained

with the experiments.
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(a) (b)

Figure 3.2: (a) Schema of the transmission setup used on the H�epha•�stos laser for the optical transmis-
sion characterization of the polymer con�nements. (b) photo of the setup on the H�epha•�stos platform.

From these results the pressure produced at 532 nm should be slightly lower with the polymer

than with water as con�nement since around 10% of the incident laser energy is lost when the laser

goes through the polymers compared to water. The results expected from an infra-red laser should be

equivalent at least for the acrylate tape polymer considering that theyhave the same transmission at

this wavelength and if the laser-matter interaction does not di�er between the two con�nements.

3.1.2.2 Pressure measurements

To determinate the con�nements of choice that will be used for the laser shock peening process

and for the characterization of the polymer/target interaction, di�erent polymer con�nements were

assessed by VISAR measurement to obtain the pressures produced while using them instead of the

classical water con�nement under laser shock con�guration. The pressure was obtained following the

method of numerical simulation method described in 2.3. All of the shots were realised on 1 mm thick

99.0% aluminium with a 3 mm laser spot size on the 532 nm, 7 ns pulse duration, Ga•�a HP laser from

the H�epha•�stos platform. The pressures obtained depending on the laser intensity is given in �gure

3.3 while �gure 3.4 gives a zoomed in view of the pressure and laser intensity area of interest for an
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industrial treatment (P � 4 GPa).

Figure 3.3: Pressure depending on the laser intensity for di�erentpolymer con�nements and water for
laser shots on a 1 mm 99.0% aluminium targets, 532 nm, 7 ns pulse duration, 3 mmspot size.

The results shows that the di�erent con�nements do not permit th e same pressure production when

used for a laser shock. All the curves can be separated in two parts. First, the maximum pressure

increases along with the laser intensity until it reaches a threshold where the pressure saturate. This

phenomenon corresponds to the breakdown occurrence in the materialcon�nement. The maximum

pressures and breakdown thresholds are given in table 3.1. The di�erent material performance can be

divided following their polymer family:

ˆ Water produces the highest pressures for nearly all the laser intensities chosen. The breakdown

appears at 7.0 GW/cm2 while producing a pressure of 7.0 GPa.

ˆ The acrylate tape gives equivalent results to the obtained with a water con�ned laser shock.

The breakdown plasma initiation happens also at 7.0 GW/cm2 and is coupled with a produced

pressure of 7.6 GPa. Although the pressure produced at this speci�c laser intensity is higher than

the one obtained with water, the overall pressures extracted are equivalent or just a little bellow
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Figure 3.4: Pressure depending on the laser intensity for di�erentpolymer con�nements and water for
laser shots on a 1 mm 99.0% aluminium targets, 532 nm, 7 ns pulse duration, 3 mmspot size. Zoomed
in on the 3 to 5 GW/cm 2 range, corresponding to the produced pressures needed for an industrial
treatment.

the water con�ned regime. The pressure obtained after the breakdownthreshold are not taken

into account as the incident laser energy e�ectively brought to the surface of the aluminium

surface cannot be accurately calculated anymore.

ˆ Epoxy used as a con�nement produces good results in terms of maximum pressure and breakdown

threshold although it is not as good as water and acrylate tape. The Maximum pressure produced

of 5.3 GPa is attained at 5.6 GW/cm2, when the breakdown threshold is also reached.

ˆ The three silicones give similar results, inferior to what can be achieved with the other types of

con�nement tested, be they water or polymers. Depending on the type of silicone the breakdown

threshold vary between 3.7 and 5.5 GW/cm2 while the pressure oscillates from 4.1 to 4.7 GPa.

These results are likely due to a slightly lower optical transmission from these polymers compared

to the acrylate tape and epoxy. The Sylgard184 which exhibit the highest optical transmission

(90% while the PDMS has an 82% transmission), incidentally produces the highest pressures in

the silicones studied.

Even though the water and acrylate tape con�nements stand out, the other polymers studied still
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produce high enough maximum pressure to be used for the treatment of most metal alloys with

elastic limits in the range of 0.2 to 2 GPa. For the industrial treatment of aluminium alloys, a

pressure around 4 GPa is necessary. Table 3.1 gives a recap of the breakdown threshold and maximum

pressures produced by each con�nement. Considering the results obtained with the di�erent materials

studied to be used as a replacement for the water in the laser shock application, the acrylate tape

polymer is chosen as the reference material for the �nal industrial application and for the di�erent

experiments to better understand the speci�cities of the use ofsuch a type of con�nement for laser shock

peening applications. The Sylgard184 silicone and the epoxy are also chosen for experiments because

of the possibility to synthesize them in the laboratory, hence allowing a control of their respective

properties depending of the protocol chosen. By using these two other polymers, it is possible to vary

their Young's modulus, thickness or adhesive properties to studythe e�ect of these properties on the

process.

Table 3.1: Breakdown threshold and maximum pressure obtained from the VISAR experiments with
the di�erent con�nements.

Con�nement Breakdown threshold Maximum pressure Transmission
GW/cm 2 GPa 532 nm 1064 nm

Acrylate based 7.6 7.0 92% 95%
Water 7.0 7.0 100% 95%
Epoxy 5.6 5.3 90%
Sylgard184 5.5 4.7 90%
PDMS 4.7 4.6 82%
VDT-431 3.7 4.1 90%
PC 87%

3.1.2.3 Transmission after mulitiple laser shots

3.2 Wavelength in
uence on the produced pressure

De�ning the range of use of the con�nement is crucial to accurately assess its possible use. H�epha•�s-

tos' laser has a working wavelength of 532 nm, similar to the parametric used in Sano's work [21]. As

detailed in 1.2.5.2 the wavelength mainly used for industrial treatments is infra-red, generally with

1064 nm lasers. The use of a 1064 nm wavelength avoids non-linear e�ects during �ber transportation

of the beam. On the other hand, the laser energy transmission through water with a 1 � m wavelength
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is highly dependent on the water con�nement layer thickness whereas at 532 nm the transmission

stays > 99% up to a thickness of 28 cm [67] of water. In this part, a study of the transmission of the

con�nement with green and infra-red laser is presented to assess the capability of potential polymer

con�nements under di�erent irradiations.

3.2.1 Pressure measurement

Multiple pressure measurements through modelling of the back facevelocity pro�les obtained by

VISAR measurements were performed in order to assess the e�ect of thewavelength on the pressure

produced by laser shock. This type of experiment also gives an ideaof the breakdown thresholds

reached with this type of con�nement depending on the laser wavelength chosen, an area where a few

paper can be found. The con�nement tested for these experiments wasthe acrylate tape polymer.

Choosing an industrial material has the advantage of ensuring that the material used as con�nement

for the laser shots is always the same in chemical composition and thickness. Figure 3.5 gives the

pressure depending on the laser intensity measured for 3 di�erent wavelengths, respectively 532, 1053

and 1064 nm from H�epha•�stos, GCLT (from CEA) and Th�e •�a. The results show that similar to water

the acrylate polymer tape shows a slightly less e�ciency than when used in the infra-red range (1064

nm).

The maximum pressure obtained with an infra-red laser (1064 nm) is 5.8 GPa produced for a

laser intensity of 7.48 GW/cm2. The pressure produced at 532 nm is 19% higher (6.89 GPa at 7.86

GW/cm 2) even thought the laser intensity chosen is a little bit higher. The lower results obtain with

the 21 ns pulse duration at 1064 nm from the Th�e•�a laser are explained by the longer pulse that

induce the initiation of a breakdown plasma at lower energy. Overall the use of a green laser allows for

production of pressure around 15% higher whatever the incident energyused compared to infra-red

wavelengths.

Figure 3.6a shows no di�erence between the pressures produced with the water or acrylate tape

con�nement under a green laser irradiation of 532 nm. Figure 3.6b, on the contrary demonstrates

a slight decrease for shots at 1053 nm with water and acrylate tape con�nementeven though their

optical transmission under a laser irradiation of such wavelength is the same.

Overall the wavelength in
uence between 532 nm and the 1� m range seems to be rather modest

with a loss of pressure produced of� 15% in the infra-red range.
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Figure 3.5: In
uence of the laser wavelength on the pressure produced by laser shot, for green and
infra-red lasers, the shots are realised on 1 mm 99.0% aluminium target with 1 mm acrylate tape
con�nement. The data at 532, 1053 and 1064 nm respectively come from H�epha•�stos, GCLT and
Th�e •�a respectively.

(a) (b)

Figure 3.6: Pressure depending on the laser intensity for water and acrylate tape con�nement for two
di�erent wavelengths, (a) 532 nm on the H�epha•�stos laser and (b) 1053 nm of the GCLT laser.

3.3 Young's modulus in
uence on the pressure produced

3.3.1 Expected e�ects

The Young's modulus of the con�nement have an e�ect on the �nal pressure produced by the laser

shock interaction through its in
uence on the reduced impedanceZ of the system target/con�nement,
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respectively with an impedanceZ1 and Z2. From Fabbro's model [201] the reduced impedance inter-

vene in the pressure calculation:

P (GP a) = 0 :01
r

�
2� + 3

q
Z (g:cm� 2:s� 1) I 0 (GW=cm2) (3.1)

With:

Z : the reduced impedance of the system (Z = 1
Z1

+ 1
Z2

) Z1 being the impedance of the target shocked

and Z2 the impedance of the con�nement.

� : a factor which corresponds to the thermal energy used for the plasma heating.

The impedanceZ2 of the con�nement is calculated following:

Z = � D (3.2)

With:

D : The shockwave velocity in the polymer.

� : The density of the polymer.

From this equation the shockwave velocity"D" can be decomposed using:

D = C0 + S u (3.3)

With:

C0: the speed of the sound in the material.

S: the Hugoniot constant speci�c to the material.

Finally C0 is obtained following:

C0 =

s �
E
�

��
(1 � � )

(1 � 2� )(1 + � )

�
(3.4)

With:

E the Young's modulus of the material.

� : the Poisson's coe�cient of the material.

From these equation it is possible to theoretically predict the pressure produced by a con�nement

while treating an aluminium target. The aluminium impedance is 1.48x106 g.cm� 2.s� 1 [34]. Figure 3.7
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shows the pressure produced by laser shock depending on the Young's modulus of the con�nement used

while shocking a pure aluminium target with an intensity of 3 GW/cm 2. The con�nement considered

is an elastomer and has the same density as the acrylate tape polymer whichwas caculated with a

density scale (� = 0.935). The Poisson's coe�cient of the material is considered to be 0.499 since it is

a rubber like material.

Figure 3.7: Pressure produced by a laser shock at an intensity of 3 GW/cm2 on a pure aluminium
target depending on the Young's modulus of the con�nement.

The �nal pressure produced is heavily in
uenced by an E1 modulus variation from 0 to 106 Pa

and starts an in
exion between 106 to 109 Pas. Once the GPa range is attained, a plateau is reached

and the pressure does not drastically change with pressure increasewithin this decade. Considering

these results, the pressure produced by the 
exible acrylate tape with a modulus of � 70 MPa should

produce 1 GPa with the chosen parameters while using a con�nementwith a Young's modulus in the

GPa range would produce at least 5 GPa.

3.3.2 Pressure measurement

To assess the in
uence of the Young's modulus of the con�nement material for laser shock on

the pressure produced, VISAR measurement were realised while using a 250 � m epoxy as con�ning

medium. The epoxies were synthesized by Rescoll with di�erent mechanical properties and a thickness

of around 250� m. One batch had a modulus comprised between 1 to 2 GPa while the other one had a

134



modulus of 10 MPa. The laser spot used was 2.85 mm with laser intensitiesof 1.86 and 3.55 GW/cm2

with a pulse duration of 7 ns.

(a) (b)

Figure 3.8: Backface velocity pro�les obtained by VISAR for laser shots on pure aluminium 1 mm
thick (laser spot size 2.85 mm, pulse length 7 ns) with an epoxy con�nement of either 1 - 2 GPa or 10
MPa. (a) shots at I = 1.86 GW/cm 2 and (b) at I = 3.55 GW/cm 2.

Figure 3.8 presents the backface velocity pro�les obtained from shot attwo di�erent laser intensities

on 1 mm pure aluminium on epoxy con�nements with di�erent Young's mo dulus. On �gure 3.8a the

same backface velocity is reached on the �rst and second peak even thoughthe Young's modulus of

the two con�nement present a di�erence of two decades (10 MPa versus 1 - 2 GPa). The FWHM is

also the same on the �rst and second peaks. After 550 ns, the 10 MPa pro�le starts to separate from

the 1 - 2 GPa one due to the target starting to 
y during the shock, moving it farther away from the

probe laser of the VISAR, thus a�ecting the back face velocity pro�le. T he third peaks still display

the same FWHM even with the 
ying of the target and con�rms the consistency of the results. On

�gure 3.8b the same trend is observed although in this case no 
ying of target is noticed and the two

pro�les stay overlapped during the whole time frame displayed. Asmall peak is observed between the

�rst and second main one at 300 ns and is the witness of spallation of the aluminium target due to

the high pressure produced by the shock with a pressure reachedof 4.3 GPa. This suggests that the

Young's modulus of the con�nement used plays little to no in
uence on the �nal pressure produced

by laser shock. A possible explanation is the increasing of the Young'smodulus of the 10 MPa epoxy

under high strain rate and pressure up to the GPa range through a transition to a glassy state. This

would make the elastic modulus of both the epoxies similar during the laser irradiation, resulting
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in the same pressure produced with two materials with vastly di�erent mechanical properties under

normal conditions.

Figure 3.9: Comparison between the pressures experimentally obtained for water and epoxy con�ne-
ment and the one calculated from equation 3.1 with an� = 0.2 and with a corrected � = 0.13 to �t
the water used as reference.

From the comparison of the theoretical pressure reached with a laser intensity I of 3 GW/cm 2 and

the pressures observed during the experiments a gap is observed with the theoretical pressure produced

during laser shock on pure aluminium being around 5 GPa while the pressure developed during real

shock with an higher intensity is 4.3 GPa. This suggests that eitherother factors may be involved

in the pressure production during laser shock and that they are probably linked to experimental

considerations more than mechanical one. This can also suggest that the� (=0.2, from [34] for a 1064

nm, 3 ns square pulse) coe�cient used in equation 3.1 is not accurate and gives a overestimation of the

pressure produced with the used set of laser parameters. Figure 3.9gives the di�erence between the

experimental pressure obtained with epoxy and water con�nements and the calculation with Fabbro's

model, using � = 0 :2 and with a corrected � = 0 :12. The � is calculated to �t the water con�ned

interaction since the lower pressures found starting 4.5 GW/cm2 for the epoxy con�nement can be

explained by the optical transmission di�erence which induces the production of a breakdown plasma

at lower laser intensities and limits the maximum pressure that canbe reached. The di�erence between

the �t and the water experiments after 7 GW/cm 2 is also caused by the apparition of the breakdown

plasma at the surface of the con�ning water droplet. The breakdown plasma created absorbs the
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incident energy and causes the pressure to stop rising with an increasing laser intensity while the

Fabbro model does not take this phenomenon into account

3.4 Con�nement thickness in
uence on the LSP process

Con�nements with di�erent thicknesses were used for laser shock experiments to study their poten-

tial e�ect on the process. The con�ning medium chosen were epoxies and acrylate tapes with di�erent

controlled thicknesses. The di�erence of mechanical properties that can be induced by the variation

of thickness has been shown to have no in
uence on the �nal pressure produced during the laser shock

earlier. Solid epoxies and soft acrylate tapes were tested in order tocon�rm or in�rm their thickness

e�ect on the laser shock peening process.

3.4.1 Epoxy

The same epoxies from Rescoll, used for the mechanical properties study, with a Young's modulus

in the GPa range were used. Two di�erent thicknesses were studied, 250 and 500� m to assess the

e�ect of this parameter on the potential pressure produced with these materials.

(a) (b)

Figure 3.10: Backface velocity pro�les obtained by VISAR for laser shots on pure (99.0%) 1 mm thick
aluminium (laser spot size 2.85 mm, pulse length 7 ns) with an epoxy con�nements of 1 - 2 GPa with
two di�erent thicknesses. (a) shots at I = 1.86 GW/cm 2 with a con�nement thickness of 250 and 500
� m and (b) at I = 3.55 GW/cm 2 with a con�nement thickness of 250 and 500� m.

Figure 3.10 shows that no di�erence are observed between the backfacevelocity pro�les obtained

from shots on 1 mm pure aluminium with epoxy con�nement of 250 and 500� m and a change of
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laser intensity does not induce a change either. This implies thatthe transmission of the epoxies

used are fully transparent in their thickness and that the optical losses happen at the interface due

to re
ections. In �gure 3.10a the pro�le of the 250 � m epoxy arrives slightly earlier than the other,

presumably due to the thickness of the aluminium target that must bea little bit higher than 1 mm

since the tolerance of the seller are� 10%.

3.4.2 Acrylate

The acrylate tape used is bought from an industrial manufacturer, the oneusually used for shock

experiment has a thickness of 1 mm and allows an easy applying and debonding of the con�nement.

Multiple other thicknesses are available (from 50� m to 3 mm). Consequently a range of tapes have

been bought to be tested and assess the e�ect of the thickness of a 
exible polymer con�nement on

the laser shock process. The wider range of thicknesses covered compared to the epoxies can also

give information on the potential e�ects induced by this characteristic compared with the experiments

from 3.4.1. The characteristics and mechanical properties of the di�erent tapes chosen are detailed in

table 3.2.

Table 3.2: Technical sheet of the characteristics of the di�erent acrylate tape polymer from Coroplast
chosen to be used as con�nement for the study of the e�ect of the thickness on the pressure produced
(*: 1.0 kg, 625 mm2).

Thickness 50� m 500 � m 1 mm 2 mm 3 mm

Elongation

at break
n.a 750 % 750 % 750 % 750 %

Tensile

strength
n.a 10 N/25 mm 14 N/25 mm 25 N/25 mm 25 N/25 mm

Adhesion

to steel
25 N/25 mm 50 N/25 mm 62 N/25 mm 75 N/25 mm 75 N/25 mm

Shear

strength
10'000 min* > 10'000 min* > 10'000 min* > 10'000 min* > 10'000 min*

Temperature

range
-40 to +120° C -40 to +120° C -40 to +120° C -40 to +120° C -40 to +120° C

The laser energy transmission measurement on the di�erent acrylate tapes showed the same con-

clusion as with the epoxy ones; the optical transmission of these tapesis around 90% whatever the

thickness of the tape measured, meaning the thickness has no e�ecton their transmission, the optical
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losses happen at the interfaces by re
ection.

3.4.2.1 Pressure and backface velocity measurements

(a) (b)

Figure 3.11: Thickness in
uence of the acrylate tape con�nement on (a) the pressure produced by
laser shock with a 3 mm laser spot and a 7 ns pulse on 1 mm pure (99.0%) aluminium target and (b)
the backface velocity pro�les produced by VISAR with a 3.74 mm laser spot and a 7 ns pulse duration
on the same targets shocked at 1.55 GW/cm2.

Figure 3.11a shows the maximum pressure produced depending on thelaser shot intensity for �ve

di�erent thicknesses of acrylate tape con�nement ranging from 50� m to 3 mm. The laser intensity

ranged from 0.52 GW/cm2 to more than 15 GW/cm 2 , the intensities displayed were stopped at 14

GW/cm 2 since the breakdown is situated at 7 GW/cm2 for all the tapes tested. All the con�nements

studied demonstrated the same capability to produce pressure whatever the laser intensity chosen.

This means that the maximum backface velocity reached is the same for all the tapes. However

further study on the backface velocity pro�les presented in �gure 3.11b highlighted an e�ect of the

thickness: in this case on the 50� m one. The three others thicknesses demonstrate overlapping

backface velocity pro�les while the 50 � m one shows a slightly di�erent pro�le. The the full width

at half maximum (FWHM) is shorter, which is correlated to a shorter release compared to the other

pro�le. This can induce multiple e�ects in the target treated unde r these conditions such as:

ˆ Less thermal e�ects due to the shortening of the FWHM which inducesa shorter time of ap-

plication of the thermal loading, leading to a shorter thickness of the surface being thermally

a�ected.
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ˆ A shallower depth of the residual stresses induced in the treatedmaterial. Due to the shortening

of the FWHM, the pressure is applied for a shorter duration. The attenuation of the pressure

in the thickness of the laser shocked piece leads to the reduced residual stresses compared to a

classical treatment with a water con�nement or a thicker acrylate tape con�nement.

3.4.2.2 Full width half maximum shortening

To assess the shortening of the FWHM when thin con�nements are used,multiple shots have been

realised at di�erent laser intensities with di�erent thicknes ses of acrylate tape con�nement. The laser

wavelength was 532 nm with a laser spot of 3.74 mm and a pulse duration of 7 ns. The targets were

pure aluminium with a thickness of 1 mm.

(a) (b)

Figure 3.12: Comparison of the backface velocity pro�les at di�erent thicknesses of acrylate tape
con�nement for di�erent laser intensities (laser spot = 3.74 mm, pul se duration = 7 ns, target: (99.0%)
aluminium 1 mm: (a) 2.20 GW/cm 2 and (b) 4.25 GW/cm 2

Figure 3.12 shows the backface velocity pro�les obtained with four di�erent acrylate tape con�ne-

ment thicknesses at two di�erent laser intensities. On both energies displayed, a shorter release for

the 50 � m pro�le compared to the other three thicknesses is observed. On �gure 3.12b, the velocity

is quickly decreasing after the peak until reaching a small plateau at250 ns followed by another fall

which is associated with edge e�ects. In this case, the velocity is not going into negatives values due

to the large laser spot chosen (3.74 mm) which reduce the edge e�ects inthis con�guration with a 1

mm target. The values of the full width half maximum for each pro�le presented is given in table 3.3.

The FWHM of the 50 � m con�nement is always shorter than the one observed for the other
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Table 3.3: Full width half maximum of the �rst peak of the pro�les presen ted in �gure 3.12.

Laser intensity Thickness
50 � m 500 � m 1 mm 3 mm

1.55 GW/cm2 43.2 ns 57.6 ns 51.2 ns 55.2 ns
2.20 GW/cm2 43.6 ns 51.6 ns 55.2 ns 53.6 ns
4.25 GW/cm2 36.4 ns 48.4 ns 53.2 ns 49.2 ns

tapes. Another point raised by table 3.3 is the apparent shortening of theFWHM at higher laser

intensities, whatever the thickness of polymer tape used as a con�nement. Figure 3.13 o�ers a better

representation of this e�ect.

Figure 3.13: Full width half maximum depending on the laser intensity for di�erent thicknesses of
acrylate tape con�nement with a laser spot of 3.74 mm, pulse duration = 7 nson 1 mm aluminium
targets.

The 50 � m tape exhibits shorter FWHMs compared to the other ones and the trend observed also

con�rms that the FWHM decreases with an increase of the laser intensity. An hypothesis would be

that with higher laser energies, the tape will be tearing at an earlier time during the shot. If the

tearing happens long after the peak pressure of the pulse, the e�ectwill not be noticeable. On the

contrary, if the hole happens during the release, the slow pressure decrease will be cut thus reducing

the FWHM. This interpretation also suggests that with a con�nement ev en thinner the tearing could
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happen before the maximum pressure of the pulse is reached, causinga lower pressure to be produced

by the shot besides it being shorter. It means that the pulse lengthcould be tuned depending on the

con�nement tape thickness chosen to produce more or less thermal e�ect on the surface to be treated

in the case of shots without thermal coating. Knowing that this processdepends on the pressure

produced, the thickness of the con�nement medium and its mechanical properties, it is di�cult to

give a threshold and de�ne parameters to control the tearing phenomenonto optimize the laser shock

peening process

3.4.2.3 Plasma thickness versus con�nement thickness

Due to the thinness of the 50� m acrylate tape con�nement, it has lower mechanical properties

and breaks sooner than the other tape studied, causing the cutting of the release. If the tape breaks

during the shock, the plasma starts to expand in the air, causing the interaction to pass from a con�ned

regime to a direct one (see 1.2.1 and 1.2.2) causing a decreasing of the length of the interaction, due

to the expanding of the plasma in the air, thus not being as e�ciently heated while also not being

con�ned at the interface between the target and con�nement medium. The size determination of the

plasma helps to put into perspective its size compared to the con�nement thickness thanks to the

equation developed by Fabbro et al. [201]:

L (�m ) = 2 :105 P(GP a) � (ns)
Z (g:cm� 2:s� 1)

(3.5)

With:

L : the size of the interface, corresponding to the plasma thickness.

P: the pressure developped by the laser shock, obtained through equation 3.1.

� : the pulse duration of the shot.

Z : the reduced impedance of the system target/con�nement.

The method of calculation used to assess the impedance of the acrylate tape con�nement makes

the assumption that the mechanical properties of the acrylate tape is similar to that of an epoxy

from the literature since their backface velocity pro�le obtained with VISAR measurements are the

same. The density used for the calculations have been measured witha density scale at the laboratory

(� = 0 :935).
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ˆ This method allows the calculation of the impedance of the acrylate tapecon�nement based

on the assumption described above. The parameters are calculated through the equation ??

(P = �Du = Zu and D = C0 + Su) under static condition with u = 0 , leading to D = C0. The

shockwave speedD is calculated from shock experiment on di�erent epoxies from the literature

[197, 202, 203]. Figure 3.14 gives the Hugoniot curves and their �t allowing the obtention of

their Hugoniot constant that can be used for the implementation of the Mie-Gr•uneisen equation

of state (see 2.3.3.3), the value atu = 0 is given is �gure 3.14a.

ˆ A second possible method would be to make shock experiment directly on the acrylate con-

�nement to obtain its impedance evolution depending on the laser intensity used. This would

involve putting a coating on the two sides of the acrylate tape con�nement, �rst for the laser

not to go through the material and the opposite side, for the VISAR probe laserto be able to

be re
ected on the backface of the con�nement. By extracting the pressure from the shots, the

impedance can be calculated usingP = Zu. The thickness of the plasma can then be extracted

using equation 3.5. These experiments will be described in chapter IV.

The comparison between the two method would also be a good way to evaluate the di�erence

between the assumption made for the calculation compared with the real behaviour of the acrylate

tape con�nement under laser shock conditions.

3.4.2.3.1 Impedance calculation from literature

Figure 3.14 gives the Hugoniot curves and their �t (which gives theS parameter) for shock exper-

iments from [197, 202, 203]:

The di�erent S extracted give a global approximated value of the parameter for epoxies under shock

(� 1:6) than can be used for future simulation of the behaviour of the con�nement under shock with

the Mie-Gr•uneisen equation of state. The sound speed however is di�cult to extract from these data

except for �gure 3.14a which gives shockwave velocity data starting from u = 0 , thus giving a value of

C0 = 2263 m/s. The �rst part of the plot is a lot steeper than the rest of the plot , preventing the use

of the Hugoniot constant S. For this reason the �rst part of the plot (from u = 0 to u = 1500m=s) is

�tted to obtain the shockwave velocity depending on the particle velocity in the range of interest for

the laser shock experiment (D = � 0:47u2 +2 :38u +2 :34). This value of C0 obtained is consistent with
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(a) (b)

(c) (d)

Figure 3.14: Shockwave velocity depending on the material velocityof di�erent epoxies respectively
from [197, 202, 203] and their linear �tting giving the S parameter from equation 3.3.

other value for epoxies found in the literature; 2000 and 2600 m/s, respectively from [204] and [205].

Since the backface velocity pro�les using epoxy and acrylate con�nement are the same, it is assumed

that their mechanical properties and state are equivalent during shock. This obviously leads to some

degree of approximation since the rubbery state and the transition to astate similar to the epoxy

con�nement is not taken into account in the calculation. The acrylate tape impedance calculated at

u = 0 with a sound speed of 2263 m/s and a density of 0.935 isZ = 2 :12� 105 g.cm� 2.s� 1. The results

of the calculation of the backface velocity, impedance and plasma size depending on the pressure are

given in �gure 3.15.

From �gure 3.15c, the size of the plasma produced by the laser shock can be compared to the

thickness of the con�nement. The variation of the plasma thickness ranges from 0 to 13.8� m. Even
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(a) (b)

(c)

Figure 3.15: (a) material velocity depending on the pressure applied,(b) impedance of the con�nement
depending on the pressure applied and (c) plasma size depending onthe pressure applied.

at low laser intensities (around 1 GW/cm2) the plasma attains 2.7 � m which, in the case of the 50� m

con�nement represents� 5% of its total thickness. The plasma size attains 10% of the total thickness

of the con�nement at 4.5 GW/cm 2 an energy close to the one used for industrial treatments. The

important size of the plasma compared to the con�nement thickness canexplain its propensity to

easily tear, even under low laser intensity shots.

3.4.2.3.2 Impedance calculation from experiments

Another way to approach the problem would consist in using the pressure, laser intensity and

material velocity known from VISAR measurements performed directly on the acrylate tape. By

coupling the results obtained with the equations 3.2 and 3.3 the impedance of the acrylate tape
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depending on the pressure could be extracted.

3.4.2.4 Tape damaging under laser irradiation

A cause of optical transmission loss is the damaging of the con�nements shotby laser. During laser

shock process, multiple parameters can induce damaging of the con�nement. In the classic case (i.e.

with water) the problem is not encountered as the water 
ow is constantly renewed. However, in the

case of a solid polymer con�nement, replacing the con�ning medium ismore di�cult, time consuming

and costly. For these reasons, knowing the state of the polymer after shots is important.

3.4.2.4.1 Transmission after shot

To assess the damaging of the con�nements studied, the transmission ofthe acrylate tape was

measured after a single shot for di�erent laser intensities. The results given in �gure 3.16 and 3.17.

The �rst �gure shows the transmission of the acrylate tape con�nement after one laser shot for

di�erent laser intensities and for the di�erent thicknesses of con�nement available. One can see that

the two thinnest con�ning layers exhibit a decrease of their transmission after one shot sooner than the

2 mm and 3 mm con�nements (the decrease for 500� m and 1 mm con�nements starts respectively at

2 and 2.5 GW/cm²). The 2 and 3 mm ones show a decrease of their transmission at around 3 GW/cm²

but the slope is a lot less steep, thus when the 3 mm con�nement is shot with a laser intensity of 4

GW/cm ² it still has a transmission of 70 to 80 % while the 500� m one shows a transmission of 18 %.

Figure 3.17 shows the same phenomenon with the silicone con�nement. The backface velocity

was extracted by VISAR measurement for multiple laser shots on the same area of a 200� m 99.0 %

aluminium target. The velocity stays high for 2 shots (323 and 345 m/s) before decreasing rapidly to

attain 103 m/s after �ve shots. A slower decrease is then observed until nearing 0 at 18 shots, showing

a transmission close to 0 as well.

3.4.2.4.2 Tape imaging

Imaging of the acrylate polymer tape have been performed after mono-shot atdi�erent laser

intensities to assess and better understand the damaging of the tape.Figure 3.18 shows the results of

this experiment.

146



Figure 3.16: Transmission depending on the laser intensity taken aftera single laser shot for di�erent
thicknesses of acrylate tape con�nement. Wavelength = 532 nm, pulse duration = 9 ns.

Figure 3.17: Velocity obtained by VISAR measurements for multiple shotson the same sample with
the same silicone con�nement. Laser intensity is 2.3 GW/cm², wavelength = 532 nm, pulse duration
= 9 ns.

For every tape, a debonded area, larger than the laser spot used was observed after shock, pre-

venting the direct application of a second laser pulse which would notbe in a con�ned con�guration
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Figure 3.18: In
uence of the thickness of the acrylate tape polymer and of the laser intensity on the
con�nement damaging after mono-shots with three di�erent thicknesses of acrylate tape con�nement
on 1 mm aluminium targets.

and consequently produce a low pressure applied for a shorter duration. At low intensity all the tapes

present signs of damage initiation mainly localized at the surface and subsurface of the con�ning

medium while the backface of the acrylate tape, in contact with the aluminium target is also damaged

and polluted but mainly by the e�ect of the plasma expansion. The plasma is composed of the matter

present at the interface shocked, so to say, aluminium and the chosen con�nement, meaning that

aluminium ions and particles are projected on the con�nement duringshock, making it lose some of

its transparency, again hindering the reusability of a polymer con�nement after one shot. The plasma

produced during shock also contain particles ripped o� from the con�nement. Due to its temperature,

the plasma also induce potential thermal damaging to the con�nement. Depending on the thickness

of the acrylate tape con�nement used, di�erent e�ects are observed atdi�erent laser intensities:

ˆ With a 3 mm tape, only low damaging is observed at low intensities in the form of black spots

caused by impurities absorbing laser energy and initiating localized pyrolysis. At high intensities

a surface opaci�cation is observed as well as some tearing of the tape. Goingat even higher laser

intensities produces craters on the surface of the con�nement as well as stronger opaci�cation
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due to the production of a breakdown plasma absorbing the incident energy from the laser pulse

at the surface of the polymer tape.

ˆ With a 500 � m tape, at low intensities only slight damaging and debonding are observed while

going a slighlty higher energies will cause complete tearing of the tapeon an area a little bit

bigger than the laser spot size. Due to the tearing opaci�cation is not observed , instead of having

thermal e�ects localized at the surface of the con�nement, they are localized at the surface of

target, thus inducing thermal e�ect on the aluminium surface.

ˆ With the 50 � m tape, even at low laser energies, the con�nement tape is directly completely

removed. Going higher in laser intensity causes a brown ring to appear around the laser spot

size, caused by the plasma depositing aluminium particle around theimpact point of the laser.

This phenomenon could be used as a way to remove the con�nement if the con�guration chosen

allow for a change of tape at each shot.

3.4.2.4.3 Infra-red characterization

Another way to assess the damaging of the acrylate tape con�nement after laser shots consists in

performing infra-red measurements on a sample of the tape before and after laser shot at di�erent

intensities or a di�erent number of shots. In the case of damaging, the chemical changes induced by

the bond breaking are visible on the IR spectra. Figure 3.19 shows the e�ect of shots at di�erent laser

intensities on the IR spectra of the acrylate tape. With this method only the surface of the acrylate

tape con�nement can be probed, the damaging occurring in the thickness of the material, although

observable, cannot be studied.

The infra-red spectra presented show two areas of interest. First, between 3600 and 3000 cm� 1,

a broad peak can be seen appearing with the spectrum in �gure 3.19b with the increase of the laser

energy used for the shot. The same phenomenon is observed for in the 1700 to1500 cm� 1 range in

�gure 3.19c. This is likely caused by the breaking of O-X chains, thus causing the creation of hydrogen

bond between the H available in the surrounding environment and theoxygen. The creation of such

bonds reduces the adhesive properties of the tape since the oxygen cannot link with the surface of

which the con�nement is layed on. The same e�ects are observed in �gure 3.19d. In this case multiple

laser shots were realised at a low laser intensity (2 GW/cm2). The repetition of the shot induces the
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(a) (b)

(c) (d)

Figure 3.19: Infra-red spectra of the acrylate tape con�nement before andafter laser shot with a 3 mm
laser spot, 7 ns pulse duration, 532 nm. (a) at two di�erent laser intensities (3.98 and 8.65 GW/cm2,
(b) focus on the 3800 to 2800 cm� 1 area, (c) focus on the 1800 to 1400 cm� 1 area and (d) e�ect of 10
laser pulses at 2 GW/cm2 on the acrylate tape con�nement.

creation of defects that then act as absorbing points for the incident laser energy and speeds up further

the damaging process.

3.4.2.5 Conclusion on the con�nement thickness e�ects

The shot repetition during the laser shock peening treatment will be mainly limited by the decrease

of the transmission of the con�nement. It appears necessary to �nd a way to either replace the

con�nement after a set number of shots or to enhancement the resistance of the con�nement to the

laser interaction. It is also important to note that although the thickne ss of the polymer con�nement

chosen does not have any noticeable e�ect on the maximum pressure produced by a laser shot, other

parameters are a�ected when the con�nement reaches really low values(in this case 50� m):
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ˆ The full width half maximum (FWHM) is shortened, causing the pressure to be applied for a

shorter duration and �nally resulting in residual stresses induced by the laser shock peening

treatment to be shallower.

ˆ The reduction of the FWHM a�ects the release of the pressure pro�le, causing the thermal e�ects

to be applied for a shorter duration. In the case of a LSP treatment without thermal coating

under this type of con�guration, the thermal e�ects on the surface of the treated target should

be mitigated allowing for better mechanical properties.

3.5 Adhesion

The time before the con�ning medium is debonded from the surface of the shocked target has been

shown to have a signi�cant role in the �nal pressure produced by a laser shock. For this reason, the

adhesive properties of the con�nement can have an in
uence on the process capability. The adhesive

properties of di�erent polymers were modi�ed to be able to evaluate the e�ect of this parameter on

the laser shock peening process. Two methods were used, for the�rst polymer, a silicone (Sylgard184,

Dow Corning) was chosen, it is synthesized by mixing a base with a cross-liking agent with a 1:10

ratio. Changing the ratio modi�es the curing of the polymer and as a result, changes its mechanical

and adhesive properties as described in �gure 3.20.

The second con�ning polymer chosen was the acrylate tape con�nement already presented. To

modify its adhesive properties a corona treatment was applied on it. The corona treatment consists in

creating a corona discharge by applying a high electrical current to anapparatus tip to ionize air. The

tip is placed close to the surface of the polymer to treat causing a change of surface energy. In practice,

applying the plasma induce the rupture of chains at the surface of thepolymer which, in turn creates

dangling chains that participate to better adhesives properties. To assess the e�ectiveness of the

process contact angle measurement were performed. After treatment if a lower contact angle should

be observed that can be correlated to higher adhesive properties due to the increase of the surface

energy. Figure 3.21 gives a representation of the corona treatment technique and of the contact angle

one.
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Figure 3.20: Design of patches of polydimethylsiloxanes (PDMS) by modi�cation of the polymer chain
mobility through its cross-linking. (a, d) uncross-linked PDMS adhesive that can easily spread on the
surface because of the high mobility of the free chains. (b, e) low cross-linked PDMS with free and
dangling chains that give the polymer a high adherence to the surface. (c, f) highly cross-linked PDMS
that can easily be peeled o� of the surface due to its reduced number offree and dangling chains (taken
from [206]).

(a) (b)

Figure 3.21: (a) Corona treatment apparatus and (b) contact angle machine used during the experi-
ments.

3.5.1 Silicone con�nement

The silicone con�nement was cured using two di�erent ratio. The �r st one was synthesized using

the classic recommended ratio of 1:10 hardener to base to produce a slightly tacky transparent adhesive
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while the second ratio chosen was 6:100, giving a softer material with better adhesive properties. In

both cases the base and hardener were thoroughly mixed before leaving it cross-liking for at least 24

hours at in air at ambient temperature. The mixture was covered to prevent any dust from coming

into contact with it and small holes were placed on the lid to allow the gasproduced by the reaction

to escape from the container. The two polymers were then used as con�nement during laser shock and

the pressure produced was obtained from VISAR measurments. The laserspot size chosen was 3 mm

on aluminium target with a 1 mm thickness. The silicone thickness was comprised between 300 to

600 � m depending on the sample. This thickness does not induce changes in the pressure produced as

shown in the previous section. The laser intensities used ranged from 0.23 GW/cm2 to 7.27 GW/cm 2,

producing pressures up to 4.69 GW/cm2. The results obtained are given in �gure 3.22. Silicones

with much higher quantity of cross-linking agent were not used because of their really low adhesive

properties as well as their tendency to crack. On they contrary using lower quantity than 6% of curing

agent would lead to a material too liquid to be used.

Figure 3.22: Pressure depending on the laser intensity on alumnium 1 mm thick with silicone con�ne-
ments (Sylgard184) with di�erent cross-linkings. The laser spot sizeused is 3 mm.

The pressure rising depending on the laser intensity does not change with variation of the adhesive

properties through variation of the cross-linking of the silicone. Either the variation is too small for

an e�ect to take place or it has no e�ect on the pressure production during shock. A slight di�erence

that can be noted is the debonding on the con�nement from the surface of the aluminium target. In
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the case of a low cross-liking (the 6% curing agent for instance) the stronger adhesive properties can

lead to more tearing of the con�nement during the shock although this type of e�ect is also linked to

the reduced mechanical properties caused by the lower cross-linking.

3.5.2 Acrylate tape con�nement

The acrylate tape con�nement was modi�ed through corona treatment, the technique is commonly

used to change the surface energy of materials. Since it breaking bond atthe surface of the tape, the

technique can be considered destructive but the thin surface a�ected does not lead to noticeable

changes in the mechanical properties of the treated acrylate tape. The dangling chains created by the

process are mainly O-H chains breaking, over time these chemical functions are recovered by reaction

with the surrounding hydrogen in the air. Because of that the laser shock experiments were realised

directly after application of the corona treatment and three days after. The results were then compared

to the one obtained without any treatment. The assessment of the e�ectof the treatment was done

with contact angle measurement at the PIMM laboratory with the help of Laur iane Tru�ault and

Alain Guinault.

Figure 3.23: Pressure depending on the laser intensity for shots on 1mm aluminium targets with an
acrylate tape con�nement treated or not with the corona technique.

Figure 3.23 shows the e�ect of the corona treatment on the pressure produced by laser shock
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depending on the laser intensity used for the shot. The trend followed is the same as with no treatment.

A small di�erence is observed starting 6 GW/cm2 between the samples shot after corona treatment

with no delay and the others. Since the breakdown plasma formation starts at around 7 GW/cm 2 this

small drift from the trend is not signi�cant. The same breakdown phenomenon is observed with the

formation of a pressure plateau after 6 GW/cm2. The breaking of bonds at the surface of the acrylate

tape con�nement can explain the triggering of the breakdown phenomenonat a lower power density (6

GW/cm 2 versus 7 GW/cm2 usually). The broken bonds act as defects that absorb more energy that

undamaged matter and produce triggering points for further growing damages that favour a breakdown

initiation. The same e�ect is not found with the shots realised 3 daysafter the corona treatment of the

acrylate tape. This shows the recovery of the broken bond and by extension transparency by reaction

chemical reaction of the dangling chains with the surrounding environment by the acrylate polymer.

3.6 Chemical composition

The chemical composition of the material used as a con�nement for the laser shock peening process

should have an in
uence on the process. The pressure produced isthe same as shown previously

with the pressure measurement with the di�erent con�nements. With the same measurements small

di�erences were found in the breakdown thresholds of the di�erent con�nements and more particularly

between the carbon-based and Si-based polymer chains. These di�erences are mainly due to the

di�erence of optical transmission between the di�erent material. A less transparent con�ning medium

will absorb more incident laser energy, thus being damaged sooner and creating more starting points

for further damaging. Because of that the breakdown will occur at lower laser energies compared to

a material with less optical losses. The second explanation to the di�erence in breakdown threshold

lies in the di�erent backbone chains of the polymers used for the con�ning medium. A silicone chain

typically has a higher bond strength compared to a carbon-carbon one whichresults in a silicone

polymer having a higher resistance to damaging in most industrial uses. In the case of laser shock the

energy involved is so high that de�ning an e�ect and decorrelating it from the optical transmission

e�ect appears di�cult.

A last point of di�erentiation between the use of two di�erent backbon e polymer chains as a con-

�nement is the full width half maximum of the backface velocity pro� le, corresponding to the pressure

duration produced by the laser shock with a certain set of parameters. To evaluate this variable,
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laser shots have been realised with 1 mm acrylate tape and 300 to 600� m silicones (Sylgard184, Dow

Corning) synthesized at the laboratory using the normal 1:10 ratio. The laser spot size chosen was

3.74 mm with a pulse duration of 7 ns. Only the A beam of the H�epha•�stos laser was used for these

experiments to avoid any misalignment between the two beams. The laser intensity of the shots was

4.2 GW/cm 2, an energy allowing the production of an already large pressure while making sure that

the breakdown threshold is not yet reached. Figure 3.24 shows the backface velocity pro�les obtained

for the experiments described on 1 mm 99% aluminium targets.

Figure 3.24: Comparison of the pressure depending on the laser intensity for the acrylate tape con�ne-
ment and a silicone one. The two materials di�er by their di�erent b ackbone chain. The laser energy
used was 4.2 GW/cm2 with a laser spot size of 3.74 mm and a pulse duration of 7 ns. The shots were
realised on 1 mm 99% aluminium targets.

The maximum velocity attained with the two con�nements is the same as well as the full width

half maximum with 48 ns for the acrylate tape and 52.4 for the silicone. A di�erence is observed

during the release. The acrylate tape con�nement shows a decrease ofthe backface velocity without

any edge e�ects while the backface velocity pro�le of the silicone con�nement show the beginning of

the release followed by the edge e�ect at 300 ns, showing a minimum of 0m/s at 400 ns. The second

peaks do not present as much di�erence.
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3.7 Residual stresses measurements

The last parts showed the calculation of the maximum pressure produced by laser shots while

varying di�erent properties of the polymer con�nement. The resul ts demonstrated the control over

the pressure calculation with the di�erent material used. Consequently the next step is to treat an

area to realise residual stress measurement to assess the e�ect of asurface treatment using polymer

con�nements. The surface treatment, as opposed to the monopulse usedup until now, induces 3D

e�ects while a 2D axisymmetric representation was enough up until now. In the case of small laser

spots (1 mm or less) coupled with high overlap between shots, the surface is homogenized and the

residual stresses are uniformly distributed, hence allowing the use of an axisymmetric model to obtain

a good representation of the residual stresses imparted by the lasershock treatment even if the ideal

representation would still be involving a 3D model.

In the case of the use of bigger laser spots with lower overlap (20-70%) di�erent areas of the treated

surface do not see the same amount of laser shock. Because of that, the residual stress repartition

can be a�ected and making a potential modelling of the process more complicated and the calculation

more time-consuming due to the obligation to switch to a 3D modelling.Figure 3.25 gives an example

of the described phenomenon in the case of a treatment using 50% overlap. Di�erent areas see between

1 to 4 shots depending if they are on the edge of the treated region or in a speci�c location between

lines of shots.

Figure 3.25: Number of laser shots seen by the matter in the case of a surfacetreatment using a 50%
overlap.
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3.7.1 Laser shock set-up

For the residual stress measurement, 7175-T7351 aluminium alloy coupons with a size of 60x60x30

mm were used. This alloys was supplied by Airbus and prepared the same way as the matter used

directly on the aircraft in order to have transposable results to an industrial use. This aspect is of

crucial importance due to the impossibility of performing residual stress measurements on plane piece

after treatment. This means that the characterization of the process capability upstream need to be

fully representative of the conditions that will be encountered in the �nal use to guaranty the e�ciency

of the treated material after laser peening without having to carry out characterization.

The set up used for the area treatment was had to be modi�ed due to thespeci�cities of the

treatment with a 
exible polymer as a con�nement. Due to the damaging of the con�nement in

between shots coupled with the debonding when large spot are used, the area treatment had to be

done by hand. For this reason, large spot of 4.7 mm were chosen with a laser intensity of 4 GW/cm 2

for each shot. An overlap of 50% was used and the area was covered three timesto induce the residual

stresses at an important depth. Moreover, to avoid the apparition of tensile residual stresses at the

surface of the coupons treated, a thermal coating was used. For this purpose an aluminium adhesive

was used, composed of 40� m of adhesive an 50� m of aluminium. The choice of aluminium as thermal

coating, allows for an improvement of the pressure due to impedance mismatch in the case of treatment

of steels or titanium alloys. In this case since the impedance of aluminium and the aluminium alloy

coupon, the impedance is nearly the same and does not induce pressurechanges.

Figure 3.26 shows di�erent photos of the set up used for the treatment ofthe Al7175 blocks

from the block placement to the block after residual stress analysis through incremental hole drilling

technique. The displacement between each shot was realised with micrometric screws to obtain the

desired overlap while covering an area at the center of the block of atleast 20x20 mm. The acrylate

tape con�nement was replaced between each shot while the aluminium thermal coating was replaced

after each line due to its width not covering the whole area of interest.

3.7.2 Surface state before and after treatment

The roughness of the surface was measured before and after the applicationof the �rst, second

and third layer of lasers peening. The evolution of the roughness with the laser shock peening process
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(a) (b) (c) (d)

Figure 3.26: Set up used for the residual stress treatment (a) Laser set up used for the treatment in the
laboratory, (b) laser alignment with the aluminium thermal coating and th e acrylate tape con�nement
with its liner, (c) coupon after treatment and (d) coupon after the residual stress measurement by
incremental hole drilling technique.

is given in �gure 3.27. The global roughness measured (Ra) before treatment on a 25x25 mm area is

1.90 � m. After one layer of laser treatment applied the roughness goes up to 2.10� m and continues

to get higher with the second and third layers applications (respectively 2.63 and 2.99� m). Such an

increase of the surface roughness is quite low but is still enough to need a resurfacing to reduce the

�nal roughness of the treated piece to a desirable value. Due to the depth of the compressive residual

stresses imparted in the material shocked, such a post-treatmentis not problematic.

3.7.3 Residual stress measurement

Once the sample for residual stress measurement were ready, they were sent to Ulrike Hecken-

berger (Airbus Defence and Space, Brême) for analysis. The surface data were obtained using XRD

measurement while the in-depth pro�le was obtained through incremental hole drilling technique up

to 1 mm.

3.7.3.1 Surface measurement

For the evaluation of the surface residual stresses, X-ray di�raction was performed for the [311]

plane with a Cr-tube using a 2 mm gauge and a 3 mm increment. The detailof the calculation is
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3.27: Surface roughness measurement with a DEKTAK apparatus on a 25x25 mm area for
(a,b) non treated al7175 block, (c,d) after one layer of treatment, (e,f)after two layers of treatment,
(g,h) after three layers of treatment.
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given in chapter II (2.5).

3.7.3.2 Residual stresses calculation experiment

The experiment were realised by scanning the surface of the treated block at di�erent positions

along the edge of the treated area to make a line. The line was repeated lower and lower. The

measurement was made in the two directions notedL and LT respectively the rolling direction of the

sample and the orthogonal direction to it. Figure 3.28 give a representationof the points measured on

the sample. The rolling direction can be observed on �gure 3.28a with elongated light grey line from

left to right. The measurement was also realised 10 mm above the peened area to have a non-treated

reference and be able to attest that the laser shock peening treatment indeed induced compressive

residual stresses in the matter.

(a) (b) (c)

Figure 3.28: Surface XRD measurements realised on the al7175 coupon (a) coupon before the XRD
measurement, (b) L direction, the rolling direction and (c) LT dir ection the orthogonal direction to
the rolling one.

The results of the di�erent measurement is given in �gure 3.29 both in a treated and non-treated

area . It is important to note that the XRD measurement gives access to the surface stresses averaged

on the 50 to 100 �rst � m. In the case of these measurement it does not cause any problem sincea

thermal coating was used but in the case of a laser shock peening treatment without such a coating

the tensile residual stresses at the extreme surface of the coupon will not be accurately represented. A

solution to this problem would be to realise synchrotron measurements of the surface but this would

also require a grain size su�ciently small as well as an isotropy of the grain orientation.

The measurements in the two directions give similar results. An average of -275� 15 MPa is found
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(a) (b)

Figure 3.29: Result of the XRD residual stress measurement at the surface of the treated block (a)
along the L direction and (b) along the LT direction.

in the L direction while an average of -270� 15 MPa in the LT direction is obtained. The similar results

indicate an homogeneous repartition of the residual stresses independently of the probed direction.

The measurement in a non-treated area also resulted in negative values indicating compressive residual

stresses although no compressive shock has been seen by the matter.This observation is explained

by the rolling treatment that the alloy was subjected to during its pre-treatment. The surface values

obtained are coherent with literature in close aluminium alloy such asal7075 treated by 3 water

con�ned laser shots at 4 GW/cm2 with a 25 ns Gaussian pulse duration at a 1064 nm wavelength and

a 4.35 mm spot size and 67% overlapping by Peyre et al. [207].

3.7.3.3 In-depth measurement

For the in-depth measurement, incremental hole drilling was used. The technique consists in

applying a strain rosette on the surface to be analysed before drilling in the middle of it to induce

stress relaxation. The observation of the micro deformations of the piece surface is then used to

calculate the residual stresses in the material. The full procedure is described more in detail in ASTM

E837. For the experiment, the depth of drilling went up to 1 mm. Figure 3.26d show the rosette

applied to the sample. The results obtained through the measurementare given in �gure 3.30 and

show high compressive residual stresses from the surface to the limit of 1 mm probed. The information

was extracted, like with the XRD surface measurement in both theL and LT directions. Both of the

directions exhibit similar values, con�rming the isotropy of the st resses induced in the matter by the
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laser treatment. The surface residual stresses are respectivelyfor the L and LT directions -275 and

-270 � 15 MPa. The values slowly increases up to -191 and -166 MPa at 1 mm depending on the

direction.

Figure 3.30: Residual stresses measured on a laser peened Al7175 coupon by incremental hole drilling
method up to 1 mm and in-depth residual stress �elds induced by LSP or shot-peening on 7075-T7351
by incremental hole-drilling method measurements (I = 3 GW/cm2, pulse duration = 25 ns, Gaussian
pulse, spot size =4.35 mm, water con�ned with al tape as thermal coating) (taken from [208]).

These results are similar to what was presented by Peyre et al. work from [207]). In the case of

the treatment realised with the acrylate tape con�nement the residual stresses induced are a little bit

lower at the surface but stays higher in depth.

The similar results obtained with the laser treatment of two similar alloys with close laser param-

eters but with di�erent con�nement (i.e. water and acrylate tape) s hows the capability of the 
exible

polymer con�nement to be used as a replacement for the water con�ned con�guration and allow the

treatment of claustrated areas where laser shock peening could not be performed up until now. The

problem to the complete implementation lies in the damaging of the tapethrough the process, both

by thermal e�ect caused by the plasma creation and expansion but also bythe mechanical loading

in
icted to the polymer used as con�nement during the shock propagation (see �gure 3.31. Such as

high pressure coupled with high strain rate, debond the con�nement from the surface of the material

treated. In the case of repeated laser shots the con�guration is not in a con�ned mode anymore, mean-
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ing that the pressures induced are greatly diminished as well as their length of application. Solutions

are envisaged to mitigate these e�ects. For instance, the use of the �nal industrial con�guration (spot

size0 1 mm, 1064 nm, 1 J) should produce less con�nement damaging due to the smaller size of the

plasmas created inducing lass polymer con�nement debonding. Another way to avoid the damaging

problem would be to automate the replacing of the con�nement in between laser shots or between a

de�ned number of shots.

Figure 3.31: Peening pattern needed for treatment with water and solid con�nement an description
of the debonding phenomenon.

3.8 Conclusion

Di�erent experiments were performed, �rst pressure measurement in order to determine the poly-

mer able to deliver the highest pressure when used as a con�nement. At the end of this step, the

acrylate tape from Coroplast was chosen as it produces the same results as the water con�ned con�g-

uration in term of maximum pressure produced. Then, other experiments were performed to obtain

information on the in
uence of various parameters such as:

ˆ The optical transmission of the con�nements studied at 532 and 1064 nm.

ˆ The e�ect of the laser wavelength on the pressure produced by a laser shot.

ˆ The in
uence of the polymer Young's modulus on the pressure produced.

ˆ The con�nement thickness in
uence.

ˆ The e�ect of the adhesion properties of the polymer on the VISAR measurements.

ˆ The in
uence of the backbone chain of the polymer used as a con�nement.
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After these characterizations, the acrylate tape con�nement was used to produce a sample for

residual stress measurement by XRD at the surface and hole drilling method in-depth. The results

showed that the compressive residual stresses imparted in an Al 7175-T7351block are equivalent to the

residual stresses obtained for a similar, water con�ned treatment on a7075 block with close mechanical

properties. These results demonstrate the possibility to treat all types of alloys while using polymer

con�nement for the laser shock peening process.

The acrylate tape chosen gather all the properties needed in terms of interaction that were de�ned

at the end of chapter I. The results obtained with the acrylate tape used as a con�nement on aluminium

targets are given in table 3.1.
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CHAPTER 4. POLYMER CONFINEMENT UNDER SHOCK

Pour mieux comprendre les propri�et�es des mat�eriaux de con�nement utilis�es lors des exp�eriences

de choc laser, une �etude de leur comportement sous haute pression et vitesse de d�eformation est

n�ecessaire. Les exp�eriences r�ealis�ees dans les chapitres pr�ec�edents �etaient centr�ees sur des mesures

VISAR sur des cibles d'aluminium et l'information �etait extraite de la face arri�ere de ladite cible.

Dans cette con�guration, le chargement de surface �etait obtenu au travers d'une m�ethode inverse

de simulation num�erique visant �a reproduire les signaux VISAR en face arri�ere a�n de remonter

�a la pression d�evelopp�ee en face avant. Cette m�ethode permet l'obtention d'informations sur les

propri�et�es de la cible aluminium ou de l'alliage trait�e par choc las er mais ne permet pas d'obtenir

le comportement du mat�eriau de con�nement durant ces chocs laser. Or, les mat�eriaux polym�ere


exibles pr�esentent, sous chargement de haute pression et vitesse de d�eformation, une augmentation

de leurs propri�et�es m�ecaniques avec un module d'Young pouvantpasser de quelques MPa �a quelques

GPa. Cela �a pour e�et de modi�er l'imp�edance r�eduite du syst� eme con�nement/Cible et par extension

la pression maximale �nale produite par le choc laser. A�n d'être en mesure d'obtenir une meilleure

compr�ehension des ph�enom�enes mis en jeu dans les polym�eres expos�es �a des conditions m�ecaniques

comme celles observ�ees sous choc laser, di��erentes exp�eriences ont �et�e r�ealis�ees en se concentrant

sur le con�nement acrylique. Ces exp�eriences donnent de nouvelles informations sur les propri�et�es

m�ecaniques des polym�eres sous choc et permettent de se rapprocher d'une simulation num�erique

de leur comportement dans ces conditions. Un mod�ele FEM complet de ces polym�eres permettrait

d'acc�eder �a une meilleures compr�ehension des di��erents proc�ed�es mis en jeu mais aussi de gagner du

temps pour la d�etermination et l'optimisation potentielle des param�etres laser dans un cadre industriel.

Transition vitreuse dynamique

Le ph�enom�ene de transition vitreuse correspond �a la temp�eratur e �a laquelle un mat�eriau amorphe

ou la phase amorphe d'un mat�eriau subit une modi�cation et transitionn e d'un �etat vitreux �a un �etat


exible ou inversement. En augmentant la temp�erature, les chaines d'un polym�ere gagnent en mobilit�e,

faisant gagner par extension au mat�eriau de la 
exibilit�e. A l'invers e, en r�eduisant la temp�erature,

la mobilit�e des chaines diminue progressivement jusqu'�a un point ou elles d�eviennent "gel�ees" et le

polym�ere atteint un �etat vitreux. La temp�erature de transition v itreuse est habituellement donn�ee

pour conditions normales (r�egime statique et pression = 1 atm) mais souschargement un d�ecalage de

cette temp�erature est observ�e [131]. De ce fait, le terme transition vitreuse dynamique est utilis�e a�n
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de prendre en compte ces e�ets sous choc (voir 1.4.6.1 pour plus d'informations).

Durant les exp�eriences de choc laser, la transition vitreuse dynamique intervient. Elle est caus�ee

par les fortes vitesses de d�eformation (de l'ordre de 106 s� 1) coupl�ees �a des pressions de l'ordre de

quelques GPa. Habituellement, l'exprience utilis�ee pour d�eterminer le comportement des mat�eriaux

sous haute vitesse de d�eformation est le test des barres de Hopkinson (" < 105 s� 1) [147, 148] mais ce

dernier n'atteint pas les vitesses de d�eformation observ�ees lorsd'un choc laser. Une des seules m�ethodes

permettant d'atteindre de telles vitesses de d�eformation est laspectroscopie di�electrique (DRS) qui

peut atteindre les 107 s� 1 en conditions normales et aller encore plus haut avec une con�guration

di��erente.

Pour �evaluer les e�ets d'un choc laser sur un mat�eriau de con�nement, des exp�eriences de DRS

ont �et�e r�ealis�e (voir 1.4.4.1.2 et 2.4.2). L'objectif de ces exp�erie nces �etait d'obtenir des informations

sur la mobilit�e des chaines des polym�eres sous haute vitesse de d�eformation avec une pression d'1

atm. De cette mani�ere, il est possible de d�ecorr�eler la contribution de la pression et de la vitesse de

d�eformation sur la transition vitreuse dynamique. La même exp�erience a aussi �et�e r�ealis�ee sous une

pression isostatique de 600 MPa pour coupler les deux e�ets. Les r�esultats ont ensuite �et�e compar�es

aux donn�ees obtenues lors des di��erentes exp�eriences de choclaser.
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Introduction

To better understand the properties of the con�ning material used during the laser shock exper-

iments, a study of its behaviour under large pressure and strain rates is necessary. The experiments

realised in the previous chapter were all focused on VISAR measurements on an aluminium target

and the information was extracted from the backface of said target. In this type of con�guration, the

surface loading was obtained through inverse methods on with Abaqus modelling of the interaction.

This method gave information about the consequences of the laser shockin the aluminium or alloys

shot but did not give insight in the behaviour of the con�nement materi al during these laser shocks. As

said in previous chapters, under loading with a high strain rate, 
exible polymers such as the acrylate

tape or the silicone undergo a large change of mechanical properties with Young's modulus, going from

MPa to GPa, thus changing the reduced impedance of the target/con�nement system which in
uences

the �nal pressure produced. To be able to achieve a deeper understanding of the interaction during

shock as well as the reaction of the polymer con�nement to said shock, experiments have been focused

on the con�ning medium to obtain information about its mechanical propert ies changes during shock.

A full set of parameters representing a polymer con�nement duringlaser shock would also allow for

its modelling. With an accurate simulation of the polymer con�nement as well as the target, the full

process could be modelled which would lead to a deeper understanding of the process while also saving

time for the determination of the laser shock parameters for the process.

4.1 Dynamic glass transition

The glass transition phenomenon corresponds to the temperature at which the amorphous phase

of a material undergoes a modi�cation, transitioning from a glassy hard state to a soft 
exible one

or vice versa. By rising the temperature, the polymer chains gains mobility that grant 
exibility to

the material. On the contrary, by reducing the temperature, the mobility of the chains is gradually

reduced up to a point where the chains are frozen and the material reaches a glassy hard state. The

glass transition temperature is usually given under normal conditions (i.e static strain rate and a

pressure of 1 atm) but under loading a shift of this value is observed [131]. For this reason the term

dynamic glass transition is used to take into account those phenomena. More information on this

topic can be found in 1.4.6.1.
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During laser shock experiments, the dynamic glass transition phenomenon takes place. It is caused

by the application of a high strain rate in the 106 s� 1 order while a pressure in the GPa order is

developed. The classic experiment chosen to obtain the behaviour ofmaterials under high strain

rate is the Hopkinson bar test (< 105 s� 1) [147, 148] but it does not reach the strain rates attained

during laser shock making dielectric relaxation spectroscopy (DRS) one of the only alternative with

its capability to go as high as 107 s� 1 range or even higher with a di�erent setup.

To assess the e�ect of a laser shock on a con�ning medium, Dielectric relaxation spectroscopy ex-

periments were realised (see 1.4.4.1.2 and 2.4.2). The experiment objective was to obtain informations

on the polymer chain mobility under high strain rate with an applied pressure close to 0 to decorrelate

the two contributions on the dynamic glass transition. The same experiment was then realised under

a 600 MPa hydrostatic pressure to have a representation of the two coupled e�ects. The results were

then compared to the data obtained with the laser shock experiments.

4.1.1 Material choice

The choice of the polymers tested by DRS and laser shock was de�ned as follow: The acrylate tape

con�nement was selected as it is the reference con�nement for end use with laser shock peening and

the one that showed the most promising results. Two other polymers were selected, in this case on the

basis of their glass transition temperature. To capture the e�ect of both the strain rate and pressure

on the properties of a polymer, two extremes in term of glass transitiontemperature were chosen.

A silicone, already studied in shock experiments (Sylgard184, Dow Corning) with Tg = 147 K (-126°

C) and the second one a polycarbonate (Lexan 141, Sabic), already in the glassy state at ambient

temperature with Tg = 415 K (142° C) (both the Tg were obtained through DRS measurement). The

two materials were also chosen on the basis that they are amorphous to limit potential mechanical

properties change induced by crystallization under stress or strain.

4.1.1.1 Polymer synthesis

The targets for laser shock were 99.0% aluminium with a thickness of 1 mm(AL000700, Goodfel-

lows), the same as what was used for the other experiments.

The polycarbonate was bought in the form of pellets that were heated to makethem easier to

deform and that were then pressed on the 1 mm aluminium target at 250° C, 100 bar for 60 sec to
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form an uniform �lm with a thickness of around 100 � m. The silicone (PDMS) chosen was Sylgard184

from Dow Corning. The standard 1:10 mix was used and the mixture was curedfor 24h at ambient

temperature to form �lms of around 700 � m thick.

4.1.1.2 Transmission measurement

The optical transmission of the polymers used was measured by using a calorimeter (QE50LP-

H-MB-QED, Gentec) placed under the sample holder used for the experiments. The transmission

was calculated using the lowest possible energy from the laser to produce the lowest laser intensity

(0.2 GW/cm 2) as to avoid any potential damage to the polymer and then calculating the di�erence of

energy with or without the polymer in the laser path. Polycarbonate showed a transmission of 87%

while the silicone and the acrylate tape exhibited 90% transmission. The laser energy applied at the

surface of the aluminium target was corrected according to this measurement for the laser intensity

calculation.

4.1.1.3 Dielectric relaxation spectroscopy setup

The experiments were realised at the university of Rouen by Cl�ement Fosse, the experiment under

pressure was performed by Abdoulaye Soumaila Sounakoye under the supervision of Laurent Delbreilh.

The DRS experiments were performed with an Alpha Analyser from Novocontrol Technologies GmbH

in a frequency range going from1:10� 1 Hz to 2:106 Hz. The samples used were circular with a diameter

of around 20 mm of the analyzed material and were placed between parallel gold electrodes. A Quatro

Cryosystem (Novocontrol Technologies GmbH) was used to control the sample temperature with a

stability of � 0.5 K. For the silicone and polycarbonate, the temperature was increasedfrom 123 K to

223 K using appropriate steps. For the acrylate the measurement was done from 173 K to 323 K with

the same steps. For the silicone, measurement under an isostatic pressure of 600 MPa were realised

with a speci�c setup.

4.1.2 Dielectric relaxation spectroscopy results on acrylate tape

The results of the DRS measurement on the acrylate tape con�nement under atmospheric pressure

are given in �gure 4.1.

The 3D plot shows the imaginary part of the permittivity � 00depending on the frequency and tem-

174



Figure 4.1: 3D plot of the dielectric relaxation spectroscopy results obtained with the acrylate tape
con�nement with a frequency varying from 0.1 to 2.106 s� 1 over temperatures ranging from 173 to
323 K.

perature. The dynamic glass transition temperature is representedas the temperature and frequency

at which a maximum of � 00is observed. At high frequencies, one broad transition, covering from 223

to 323 K is observed while at low frequencies, two transitions are observed, respectively from 203 to

263 K and from 273 to more than 323 K. To better visualise the transition, the data are plotted on

a 2D graph given in �gure ??. The �gure represents the imaginary part of the permittivity depen d-

ing on the frequency. For each experiment, a �xed temperature was chosen, the frequency was then

varied while the permittivity was measured. The frequency can becompared to the strain rate thus

giving information on the material behaviour up to 2.106 s� 1. Each line represents a measurement at

a speci�c temperature ranging from 233 to 303 K. The maximum of each line shows the strain rate

at which a transition occurs.

The di�erent lines show the presence of two di�erent transitions. Theses two transitions shows

the probable presence of a copolymer in the material. Due to the presence of these two systems,

the di�erent glass transition temperatures present in the acrylate tape con�nement allow for a large

transition ranging on a wide temperature domain. This type of properties induces great adhesive

properties and grant 
exibility to the polymer.
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The raw results are analysed with the Havriliak-Negami model to obtainthe dielectric relaxation

(see 2.4.2).

The relaxation map obtained representslog10f max as a function of 1000=T and is given in �gure

4.2. The points extracted with the Havriliak-Negami model represent the transition under �xed

temperature and strain rate. Everything on the left of a point is rubbery while the right represents

the glassy domain. An extrapolation of the results using the V•ogel-Tammann-Fulcher (VTF) law is

normally possible to extend the information on the material behaviour to a larger temperature and

strain rate range. Due to the presence of two transitions on the acrylatecon�nement, the use of the

VTF law is not possible for the acrylate tape con�nement. The comparison between the results given

by the two samples shows di�erent behaviours. The dynamic glass transition temperature obtained

at 102 Hz vary between 265.2 to 227.1 K. One of the explanation could be that the sampletwo was

measured from 10� 4 Hz while sample one started at 100 Hz. The ramp from 10� 4 to 100 Hz could

have induced a change in the material behaviour if the mobility of thechain is too small compared

to the frequency used thus leading to a progressive rigidication of the polymer until its complete

transition to a glassy state.

Figure 4.2: DRS measurements on two acrylate tape samples. The dots represent the results obtained
using the Havriliak-Negami model [156].
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4.1.3 Polycarbonate and polydimethylsiloxane study

In order to have access to an evaluation of the pressure and strain rate e�ect on a material that

can be used as a con�nement for the laser shock peening process, twoother materials have been

studied, polycarbonate (PC) and polydimethylsiloxane (PDMS). They are used as model material

since they possess either a low glass transition temperature for thePDMS (147 K) or a high one for

the PC (415 K). The PC is chosen because it is already in the glassy state even before being put

in laser shock conditions. The PDMS, on the other hand, is used as a substitute to the acrylate

tape con�nement for its similar properties. It has a low glass transition temperature, is amorphous

and is also a 
exible adhesive. To complete the study a DRS experiment under isostatic pressure at

600 MPa was also realised to assess the e�ect of the pressure coupled with a high strain rate on the

dynamic glass transition of such a material. The raw measurement on the PDMS are given in �gure

4.3 and 4.5a, respectively for 3D and 2D plots. The 2D plots are given for both themeasurements with

no pressure and under an isostatic loading of 600 MPa. The raw results obtained with PC are not

presented as they are not the main focus of this study since the material does not undergo a transition

under laser shock conditions of pressure and strain rate.

Figure 4.3: 3D plot of the dielectric relaxation spectroscopy results obtained with the polydimethyl-
siloxane (Sylgard184) con�nement with a frequency varying from 0.1 to 2.106 s� 1 over temperatures
ranging from 173 to 323 K. Raw results obtained from the dielectric relaxation spectroscopy measure-
ment of the polydimethylsiloxane (Sylgard184) con�nement under atmospheric pressure.
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Figure 4.4: 3D plot of the dielectric relaxation spectroscopy results obtained with the polydimethyl-
siloxane (Sylard184) con�nement with a frequency varying from 0.1 to 2.106 s� 1 over temperature
ranging from 262 to 279 K under a 600 MPa isostatic pressure.

With the polydimethylsiloxane, only one transition is observed and seems to be reasonably in
u-

enced by frequency applied which can be translated to the strain rate observed by the material during

laser shock. To be able to have a better representation of the results the 2D plot is used with both

the results without and under pressure.

(a) (b)

Figure 4.5: Raw results obtained from the dielectric relaxation spectroscopy measurement of the poly-
dimethylsiloxane (Sylgard184) con�nement under (a) atmospheric pressure and (b) under an isostatic
600 MPa loading.
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Each line represents a measurement at a speci�c temperature ranging from 149 K where the tran-

sition occurs at 10� 1 s� 1 to 173 K where it occurs at 8.9*105 s� 1.

The transition from a rubbery behaviour to a glassy one of each line is determined by the maximum,

thus giving for a given temperature the strain rate necessary to induce a dynamic glass transition if

any happens under the conditions of the experiment. In this case since only one transition is occurring,

the determination of the dynamic glass temperature becomes easier. Under pressure, measurements

were realised with temperature varying from 262 to 279 K. A shift of the dynamic glass transition

is observed with a transition observed at 262 K for a strain rate of 5.102 s� 1 while the measurement

at 279 K showed a transition for a strain rate of 1.4*105 s� 1. An average shift of around 383 K is

observed due to the loading applied during the experiment thus showing that the glass transition

shift induced by pressure seems to have a signi�cant impact compared to the e�ect of strain rate.

To obtain a better representation of the data, the Havriliak-Negami model is used in the same way

as with the acrylate tape measurements. From the information extractedwith the model and since

only one transition is observed, it is possible to extrapolate the behaviour of the Sylgard184 under a

broader range of temperatures and strain rates by using the V•ogel-Tammann-Fulcher (VTF) law:

� max = � 0 exp
�

D T0

T � T0

�
(4.1)

With:

� 0: a pre-exponential factor

D : a dimensionless parameter related to the slope variation (steepness strength)

T0 a reference temperature

The results presented in �gure 4.6 give an accurate measurement of thesilicone used during ex-

periment with a glass transition temperature in static conditions (�_ = 10� 2 s� 1) of 147 K, close to

what is found in [209]. The �t obtained through the VTF law shows that under a pressure of 0.1 MPa

the PDMS should always present a rubbery relaxation behaviour. In order for the PDMS to reach a

glassy state, the strain rate would need to be as high as 1012 s� 1, a value largely higher than what

can be reached by laser shock peening with the laser parameter used for the treatment and charac-

terization. This means that by the e�ect of strain rate alone the silicone should stay in a rubbery
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Figure 4.6: DRS measurements on PC and PDMS. The dots represent the measurement while the line
represent the �t using the Havriliak-Negami model [156].

state even under laser shock conditions (106 s� 1). The glass transition temperature calculated for the

silicone at 106 s� 1 is 173 K meaning the shift induced by the strain rate is 299 K, a rather small e�ect

compared to the assumed pressure e�ect. More precisely, it means that both stress and strain rate

induce a consequent e�ect on the dynamic of the polymer chains that canbe perceived, when looking

at the macroscopic properties by a large dynamic glass transition shift which separates the rubbery

and glassy behaviour of the materials studied. In the speci�c case of these experiments the pressure

e�ect seems to be prevalent on the dynamic glass transition when compared to the strain rate e�ect.

The polycarbonate on the other hand is not mechanically a�ected by the application of such strain

since it is already in a glassy state at ambient temperature, its glass transition temperature variation

depending on the strain rate applied is also smaller compared to what isobserved with Sylgard184 as

can be seen by comparing the steepness of the two �ts.

4.1.4 Comparison with laser experiment

To compare the DRS results to a laser shock case scenario, shots were performed at di�erent laser

intensities with a camera setup coupled with the VISAR one. This allowed obtaining the backface

velocity pro�les of shots on 1 mm aluminium targets (99.0%) while also having images of the con-

�nement deformation caused by the shock created. The backface velocity pro�les were reproduced

180



via �nite element modelling on Abaqus to extract the strain rate at th e surface of the target while

the camera imaging was used to complement this procedure and provide another rough estimation

of the strain rate observed during shock. The strain rate extracted from the simulation and camera

imaging gives the information at the surface of the aluminium target. The shock produced by the

laser pulse induces two identical shockwaves, one going through thetarget and a second one going in

the con�nement. Since the two shockwaves are the same, the strainrate extracted at the surface of

the shocked target is the same as the one seen by the face of the con�ningmedium at the interface

target/con�nement. With this method, the strain rate along the thick ness of the con�nement cannot

be known. This is important to note as in the case of a pressure and/or strain rate induced dynamic

glass transition, the glassy state of the matter will only be known on the surface of the con�nement,

the thickness will not be able to be considered to have made a transition from the rubbery to the

glassy state. The experimental setup used for the camera imaging coupled with VISAR measurement

is presented in �gure 4.7.

4.1.4.1 Rear free surface velocity pro�les

The backface velocity pro�les measured experimentally are given in�gure 4.8 for four di�erent

con�nements, respectively polycarbonate, acrylate tape, silicone and water. The shots were realised

at 0.79 GW/cm 2 with a laser spot of 3.7 mm and a pulse duration of 7 ns. The targets chosen were

99.0%, 1 mm thick aluminium sheets.

The maximum velocity exhibited by the four con�ning media is the same, meaning that their

mechanical properties under shock are at least of the same order of magnitude. Polycarbonate usually

have a Young's modulus comprised between 2.0 to 2.4 GPa. The two otherpolymer con�nements are

rubbery with modulus in the MPa range. Their same pressure production when used as a con�nement

during laser irradiation, shows once again their shift to a Young's modulus in the GPa range due

to a dynamic glass transition making the materials glassy. The water con�ned regime also produces

the same pressure as the others, in accordance with studies showingthe evolution of the mechanical

impedance of water during laser shock (see �gure 4.9).
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(a) (b)

(c)

Figure 4.7: Setup used for the VISAR coupled with camera imaging for the strain rate measurements.

4.1.4.2 Simulation parameters

To obtain the strain rate of each laser shot, the backface velocity pro�les are modelled on the FEM

software Abaqus. The strain rate extracted is then correlated to either the pressure or laser intensity of

the laser shot. A 2D axisymmetric model was used with an explicit solver to take into account all the
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Figure 4.8: Backface velocity pro�les for di�erent con�nements. Shots were realised with a laser
spot of 3.7 mm, a pulse duration of 7 ns and a laser intensity of 0.79 GW/cm2. 99.0%, 1 mm thick
aluminium sheets were chosen for the targets.

Figure 4.9: Experimental results describing the shockwave velocity evolution depending on the pressure
in water (taken from [210]).

dynamic e�ects of the shock on the aluminium target. The modelled target was represented as a 1 mm

thick pure aluminium plate with a width of 10 mm. The elements used were CAX4R (Continuum,
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4-nodes bilinear axisymmetric, quadrilateral, reduced integration, hourglass control). The mesh was

made �ner in the shock area (1� m x 1 � m) while it was made larger following a gradient the farthest

it went from the center of the shock with a BIAS function in the X dir ection. The boundary condition

were applied as follow: the bottom right corner, opposed to area where the shock was applied was

�xed to represent the sample holder used during the experiment.

4.1.4.2.1 Constitutive model

The laser shock process induces high strain rates, reaching106 s� 1 and higher. For this type of

solicitations the Johnson-Cook model is usually chosen [211]. It takes into account multiple parameters

such as strain rate, strain hardening and thermal e�ects and is available in most FEM software [192].

Work by Amarchinta demonstrated the accuracy of the Jonhson-Cook model over elastic perfectly

plastic or Zerilli-Armstrong models [212] for laser shock applications.For this simulation the Johnson-

Cook model was coupled with the Mie-Gr•uneisen equation of state while also using the classical

elasto-plastic material parameters. The parameters used are given in table 4.1.

Table 4.1: Simulation parameters used for the constitutive model

� � G C0 S � 0 � y B n C � 0

(kg/m 3) (MPa) (m/s) (MPa) (s � 1)

0.33 2700 25940 5380 1.338 2 80 200 0.3 0.035 0.01

Johnson-Cook

The model de�nes a Von Mises yield criterion as follow:

� = ( � y + B� n
p )

 

1 + C ln
�

�_
� 0_

� ! 

1 �
�

T � T0

Tmelt � T0

� m
!

(4.2)

The �rst part describes the strain hardening e�ect. The second part characterizes the strain rate

e�ect and the last one is used to take into account the material temperature evolution during the

plastic deformation. � y is the yield stress,B the strain hardening modulus, � p the equivalent plastic

deformation, n the hardening coe�cient, C the strain rate sensitivity, �_ the strain rate during the

process,� 0_ the reference strain rate,T0 the room temperature and Tmelt the fusion temperature. G
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is the shear modulus and� is Poisson's ratio. Preliminary simulations showed that the thermal part

has close to no e�ect on the results and is thus neglected.

Mie-Gr •uneisen equation of state

In order to accurately represent the hydrodynamic behaviour of thematerial, the Mie-Gr •uneisen

equation of state is classically used. It allows the determination of the pressure in a material during

shock. The equation stems from the Gr•uneisen model used to describe the e�ect of a crystal lattice

volume variation on its vibrational properties. More information are given in 2.3.3.3.

4.1.4.2.2 Spatial and pressure pro�les

The pressure pro�le used for the simulation was generated from the approach developed in Scius-Bertrand

et al work [195] for a 532 nm wavelength. The pressure duration used is 7 ns with a Gaussian pro�le

until the release. The laser spot spatial pro�le was directly measured from the experiment through

camera imaging. The used spatial pro�le was then extracted from a �ltering of the experimental pro-

�le through the Butterworth �lter [193, 194]. Preliminary simulations sh owed that a small variation

of intensity at the top of the experimental laser spot spatial pro�le did not have an in
uence on the

backface velocity pro�le generated by the simulation. The spatial and pressure pro�les used for the

simulations are given in �gure 4.10.

(a) (b)

Figure 4.10: (a) Normalized pressure pro�le obtained with the code from [195]for a 7 ns FWHM, 532
nm Gaussian pulse laser shot (b) Filtered laser spatial pro�le obtainedwith the Butterworth �lter
through a Python code and used for the simulation.
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4.1.4.3 Simulation results - Strain rates extracted

The modelling of the backface velocity pro�le is given in �gure 4.11a. Both the maximum velocity

as well as the full width half maximum of the peak are well represented. The focus of the simulation was

placed on the �rst peak of the velocity pro�le since the maximum and strain rate are only dependent

on the �rst peak of the shockwave propagation. From the modelling of the backface velocity pro�le,

the maximum plasma pressure of the shots is extracted as well as the maximum strain rate.

(a) (b) (c)

Figure 4.11: (a) Experimental and simulated pro�le for a laser shot with an intensity of 0.80 GW/cm 2

and a laser spot size of 3.7 mm diameter on a 1 mm 99.0% aluminium target. (b) Strain rate depending
on the time extracted from the simulated backface velocity pro�le. (c) Pressure pro�le depending on
the time extracted from the simulated backface velocity pro�le.

The pressure extracted from the modelling of the shot showed on �gure 4.11a reaches 1.6 GPa

and a strain rate of 2.4*106 s� 1 at 0.79 GW/cm 2. The results con�rm the strain rate values given in

the literature in the 106 s� 1 range [43]. The same procedure is applied to the velocity pro�les for the

di�erent laser intensities used during the experiments shown in �gure 4.12.

The strain rates extracted range from 1.91*106 s� 1 at 0.79 GW/cm 2 to 4.01*106 s� 1 at 4.37 GW/cm 2.

By coupling these results with �gure 4.6 shows that the silicone con�nement, when exposed to a strain

rate of 4.01*106 s� 1 exhibit a glass transition temperature of 175 K. This means that the pressure pro-

duces a shift of glass transition temperature of at least 118 K for it to reacha glassy state during laser

shock (thus reaching a glass transition temperature of 293 K, the ambient temperature). The strain

rates e�ectively seen by PC, the acrylate tape or the silicone are considered close to these values. It is

possible to evaluate a minimum strain rate seen by the silicone withcamera imaging (�gure 4.13). In

the laser shock experiment, two identical shockwaves are created at the interface con�nement/target.

One goes in the target material while the second one goes in the con�nement. This con�guration

means that the pressure applied is the same at the surfaces of both materials considered. The strain
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Figure 4.12: Strain rate depending on the laser intensity for a PDMS con�nement, the values are
extracted from Abaqus simulation at the surface of a pure aluminium target.

rate, on the other hand, is dependent on the mechanical properties of the material concerned. A simple

calculation allows an assessment of the strain rate seen by the siliconecon�nement. From the camera

imaging, one can observe that the deformation is superior to a half-circle. From the calculation of the

perimeter, it is possible to estimate a minimum deformation induced by the laser shock. Figure 4.13a

shows an image of the PDMS con�nement 31� s after the laser shock, long after the application of

the maximum pressure and strain rate of the experiment since the laser pulse is 7 ns long. The initial

length of the PDMS polymer tape L 0 is considered to be equal to the diameter of the laser shock

while L (t) is the length at a time t during shock. This length is equal to the perimeter of the half

circle created by the shock expansion in the con�nement. To simplify the case, a perfect half circle is

considered for the calculation. The laser spot size is 3.74 mm so the perimeter of such an half-circle

is roughly 5.81 mm. The time between the image taken in �gure 4.13a and the laser shock is 31� s.

The strain rate obtained is 1.79.105 s� 1. This means that long after the shock, the strain rate is still

in the 105 s� 1 range. It is safe to assume that at the time of the shock it would be a lot higher.

Moreover the Abaqus modelling shows that the maximum strain rate is attained after 16 ns for a

0.80 GW/cm2 shot. From the same simulation, the strain rate is still in the 105 s� 1 range.

It is also important to consider that the calculation with camera imaging is done based on the
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face of the silicone opposed to the shockwave. The attenuation through the thickness reinforces the

idea that at the interface target/con�nement, the strain rate should b e higher. From this result it is

assumed that the strain rate seen by the PDMS at the interface of the laser shock is in the 106 s� 1

range like the aluminium target from which the FEM strain rates have been extracted from.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 4.13: Images of the deformation of PDMS used as a con�nement for laser shock, laser spot is
3.74 mm laser intensity is 4.23 GW/cm2, pulse duration = 7 ns, maximum pressure at the interface
aluminium/PDMS = 4.35 GPa. The image in the corner is the PDMS con�nement 31 � s after the
laser pulse with a high speed camera. The images after the �rst one are each increment from 37 � s

The values of pressure induced glass transition shift can be found in Aharoni's work [151]. In the

case of PDMS, the average value found for amorphous polymer is 0.28 K/MPa. The pressure induced

Tg shift calculated from the literature varies from 504 K for the lowest shot at 0.53 GW/cm 2 (1.8 GPa)

to 1484 K at 5.5 GW/cm 2 (5.3 GPa). These values explain why every laser shot experiment always

show a pressure produced that can be obtained only if the impedance ofthe con�nement attain a value

for which a Young's modulus in the GPa order is necessary. In order tostay in a rubbery state the

pressure-induced shift should stay lower than 120 K, bringing theglass transition temperature around

ambient temperature. The limit pressure to meet these criteria is 429 MPa.

To determine a more accurate value of the pressure induced shift inthe silicone per MPa, a

dielectric relaxation spectroscopy experiment is performed under isostatic pressure at 600 MPa as

shown in �gure 4.6 From the measurements realised by DRS under isostatic pressure at 600 MPa, the
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coe�cient can be corrected. The measurements at 0.1 and 600 MPa show aTg shift of 100 K. The

value of the shift can be adjusted 0.17 K/MPa at 1 s� 1 and 0.18 K/MPa at 106 s� 1 for the PDMS

used for the experiments. These DRS results also show the prevalence of the pressure e�ect on the

molecular chain mobility which induces the dynamic glass transition phenomenon compared to the

strain rate.

4.2 Acrylate tape mechanical characterization

To obtain a better understanding of the e�ects induced by the lasershock process on the acrylate

tape con�nement chosen has the reference con�ning medium for the �nal industrial application. A

speci�c experiment was designed to get data on the mechanical properties of the polymer tape under

laser irradiation.

4.2.1 Shock experiment setup

To be able to assess the mechanical properties of the acrylate tape con�nement under laser shock,

a pure aluminium coating (99.9%) of the tape was realised by Dephys. A thickness of� 10 � m

was deposited on both face of the acrylate tape. VISAR measurements were then performed on the

acrylate tape con�nement with its coating. Figure 4.14 gives a representation of the laser setup.

The con�nement used for these laser shots were water droplets as the application of an acrylate tape

con�nement damages the aluminium coating.

Sollier et al. work shows the in
uence of the laser intensity used onthe thickness ablated at

the surface of the shocked target experimentally [34]. Figure 4.15 givesthe thickness ablated at the

surface of the shocked target depending on the laser intensity. Thethickness ablated by the laser pulse

between 0 to 6 GW/cm2 varies from 0 to 4.6 � m. The thickness of the aluminium coating allows for

the interaction to take place without inducing noticeable e�ects caused by the aluminium thickness in

terms of shockwave attenuation while protecting the surface of the acrylate tape con�nement.

4.2.2 Spallation threshold

First the value of the damage threshold was determined through the backface velocity pro�les

obtained. If the target is damaged on the impacted area, the shockwave will not be able to go back
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(a) (b)

Figure 4.14: (a) Set-up used for the VISAR measurement performed on the acrylate tape con�nement
with its aluminium coating. A water droplet was used as a con�nement. (b) Images of the aluminium
coated acrylate tape con�nement.

Figure 4.15: Ablated thickness depending on the laser intensity used. Targets are pure aluminium and
the shots are performed with a 532 nm laser, 10 ns pulse, Gaussian pulse.(Results taken from [34]).

and forth in the material. Only the �rst peak will be present and the r est of the velocity pro�le will
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show either a plateau or a slowly decreasing velocity. In some casesthe material can be partially

damaged and present peak witnesses of the shockwave being able to go back and forth in the material

but while being strongly attenuated compared to a normal pro�le. Figure 4.16 shows the di�erent

backface velocity pro�les obtained at di�erent laser intensities for the shots on the acrylate tape coated

in aluminium targets as well as the recap of the damaging threshold observed.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.16: (a) to (h) Backface velocity pro�les obtained through VISAR measurements on acrylate
tape coated in 10� m 99.9% aluminium con�ned with water. The shots are realised at di�erent laser
intensities ranging from 0.73 to 1.20 GW/cm2. (i) Damage threshold values found with the velocity
pro�les.

Figure 4.16 can be divided in three parts:

ˆ Under 0.86 GW/cm2: The shockwave goes back and forth the material without any problem, the

shockwave velocity pro�le is similar to the ones observed in while shocking aluminium targets.
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Another di�erence with a typical velocity pro�le obtained for a shot i n an aluminium target, is the

time of application of the pressure, seen with the di�erence in full width half maximum. In the

case of aluminium the FWHM ranges between around 55 to 30 ns depending on the laser intensity

chosen. In this experiment the acrylate tape con�nement demonstrated a FWHM ranging from

240 to 407 ns depending on incident laser energy. This shows that the relaxation time of the

polymer chains vastly changes depending on the pressure applied during the interaction. The

pro�le at 0.80 GW/cm 2 presents a second peak at 2100 ns with a higher maximum velocity

compared to the �rst peak. A possible explanation is that the pressure-induced dynamic glass

transition does not take place as quickly as the speed at which the shockwave travels through

the material. This leads to the �rst peak happening while the entirety of the shocked polymer

is not yet fully glassy while the second peak which represents the second time the shockwave

hits the back face of the polymer takes place at a time when a larger if not the whole material

has undergone a dynamic glass transition to a glassy state, thus resulting in a higher mechanical

impedance and consequently a higher material velocity. The third peak reaches a considerably

lower maximum velocity due to the attenuation of the shockwave while it goes back and forth

in the material.

ˆ Between 0.86 and 0.93 GW/cm2: The velocity pro�le shows signs of damaging or beginning of

damaging. In �gure 4.16c, the pro�le at 0.86 GW/cm 2 shows damaging during the release of the

velocity pro�le as can be seen between 1000 and 1100 ns after the peak and again between 2340

and 2430 ns for the second peak. These two peaks are witnesses of damaging of the acrylate

tape on its backface. The third peak follows a similar trend to the one observed for the lower

laser intensities. The pro�les at 0.93 GW/cm2 shows di�erent trend. The red line shows the

same tendency as the pro�le at 0.80 GW/cm2 in �gure 4.16b with the second peak being higher

than the �rst one. The blue line shows signs of material damaging with the second peak being a

lot lower in velocity than the �rst one and also starting later at 2500 ns. On the 0.93 GW/cm2

pro�le the grey line shows a fully damaged acrylate tape with no additional peaks after the �rst

one. Only the release is present. The two other velocity pro�les onthis �gure show either no

damaging (red line) or partial damaging with the presence of a second attenuated peak (blue

line).

ˆ At intensities higher than 0.93 GW/cm 2: All the velocity pro�les present damaging with either
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residual peaks or not. The disappearing of the residual peaks is more pronounced as the incident

energy applied is increased.

Overall, the maximum velocity of the di�erent pro�les obtained can b e divided in two parts: the

�rst one before the damaging threshold (up to 0.93 GW/cm2) where the maximum velocity stays

constant between 180 to 200 m/s. The second parts starts at 1 GW/cm2 with the maximum of the

�rst peak always around 220 m/s except for the pro�le at 1.20 GW/cm 2 where the backface velocity

starts to increase again due to the pressure e�ects inducing an earlier raise of the Young's modulus

during the shock. The images taken after the di�erent laser shots on the front and back face are given

in �gure 4.17 for di�erent laser intensities covering the cases before, during and after the damaging

threshold.

(a) (b) (c)

(d) (e) (f)

Figure 4.17: Images of the acrylate tape coated in alumnium after shots at di�erent laser intensities.
(a) front face and (d) back face before damaging threshold: 0.73 GW/cm2, pulse duration 7 ns, spot
size 3.68 mm. (b) front face and (e) back face at the damaging threshold: 0.93 GW/cm 2, same pulse
duration and spot size. (c) front face and (f) back face, higher than the damaging threshold: 1.20
GW/cm 2, same pulse duration and spot size.

The di�erent images show that before the damaging threshold (4.17a), the impact point of the laser

pulse still shows a layer of aluminium coating that covers the acrylate tape beneath. This aluminium

layer is scratched more and more while the damaging threshold is reached. At laser intensities higher

than the damaging threshold the aluminium coating is fully removed. This means that the ablated

depth is superior to 10� m contrary to what had been found in Sollier's experiments [34]. The di�erence
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in target material compared to Sollier's experiments is a possible explanation of those di�ering results.

The back face of every targets presented show the same pattern of cracksinduced by the pressure

produced and transmitted to the back face. Reaching incident laserenergies higher starts to induce a

large deformation of the back face of the target.

(a) (b)

Figure 4.18: (a) backface velocity pro�le of a laser shock at 2.85 GW/cm2 with a laser spot of 5.54
mm and a pulse duration of 7 ns on a 1 mm acrylate tape coated on both sides with10 � m pure
(99.9%) aluminium. (b) Front and back face images of the target after shot.

Figure 4.18 gives an example of the front and back face observed on a target aftera laser shock

at 2.85 GW/cm 2 with a laser spot size of 5.54 mm and a pulse duration of 7 ns. At this type of

laser intensity the front face of the target is totally stripped of its al uminium coating on the shocked

side which leads to surface damaging of the acrylate tape. Darkening of the surface on the laser spot

area shows the pyrolysis of defects in the polymer under laser irradiation. The back face shows the

outline of the shockwave can be seen. The area covered by the shockwave on the backface appears to

be larger than the laser spot size used. This observation is in agreementwith the observations of the

propagation of a shockwave in an aluminium or any metal alloys by �nite element modelling (see �gure

4.19). The dot observed in the middle of the backface corresponds to the VISAR probe laser going

through the aluminium coating and starting to burn the polymer due to i ts high energy. Under the

in
uence of the pressure on the back face, the aluminium coating is deteriorated, allowing the probe

laser to starts damaging the acrylate tape underneath. The behaviour of the acrylate tape starting

1100 ns can be explained by the cracking of the backface of the target as well asthe damaging of
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the acrylate tape by the probe laser. Since the probe does not come intocontact with the aluminium

coating anymore, it cannot be re
ected to the VISAR thus inducing the signal stagnation.

Figure 4.19: Finite element modelling from Abaqus software of al 7175, thickness 30 mm, showing the
shockwave propagation through the material.

4.2.3 Changes induced in the material

4.2.3.1 Behaviour before damaging threshold

The observation of the di�erent velocity pro�les at di�erent laser i ntensities showed no real di�er-

ence on the shape of the signal observed. Instead the main di�erence observed was the change in the

time at which the front shock reaches the backface of the target. With the use of a higher pressure the

shock arrived earlier. Figure 4.21 shows the di�erent backface velocity pro�les obtained at di�erent

laser energies while using the acrylate tape coated in aluminium as target in a water con�ned regime

under the damaging threshold.

The front shock reaching the backface sooner with higher pressure indicates that the mechanical

properties of the acrylate tape evolve depending on the pressure applied on its surface. Following the

equation 4.3 (for more information see B), the shockwave speed changes during the shock with the

transition of the acrylate tape to a glassy state by the reduction of its molecular chain mobility under
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(a) (b)

Figure 4.20: (a) Backface velocity pro�les obtained by VISAR measurement on1 mm acrylate tape
targets coated in 10� m aluminium at di�erent laser intensities. Pulse duration is 7 ns spot size for
the shots ranging from 0.13 to 0.25 GW/cm2 is 3.68 mm while the shot at 0.35 GW/cm2 used a 5.54
mm spot size. (b) Normalized �rst peak of the di�erent pro�les presented.

stress and strain rate.

P = � D u (4.3)

The increase of the shockwave velocity"D" can be seen on �gure 4.20b with the time at which the

�rst peaks appears. At the same time an increase of the full width half maximum is observed along

the increase of the laser intensity.

The shockwave velocity can also be extracted from these experimental pro�les by measuring the

time between the �rst peak and the laser pulse. The result is thenput in correlation with the target

thickness (here 1 mm and 20� m aluminium in total) to obtain the shockwave velocity. The same

operation is used between the �rst and second peaks to obtain the averagevelocity of the shockwave

during its travel once the shockwave already passed through the material one time inducing an at

least partial glassy state. In this case, the thickness just has to be multiplied by two to take into

account the wave going back and forth in the material to reach the backface once again.Table 4.2 gives

a summary of the variation of the shockwave velocity, full width half maximum and material velocity

on the �rst and second peaks depending on the laser intensity of the shock.

The shockwave velocity as well as the material velocity are increasing linearly with the laser

intensity while the FWHM lose its linear behaviour at 0.35 GW/cm 2. The shockwave velocity in

particular, is an indicator of the rigidi�cation of the acrylate tape when u sed as a target under the
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Table 4.2: Evolution of the shockwave speed"D" , full width half maximum and material velocity "u"
depending on the laser intensity used for a laser shock on a 1 mm acrylate tape target coated on both
faces in 10� m of pure (99.9%) aluminium.

Laser intensity D D FWHM FWHM u u
1st peak 2nd peak 1st peak 2nd peak 1st peak 2nd peak

GW/cm 2 m/s m/s ns ns m/s m/s

0.13 1192 1206 73.2 64.8 6.7 11.4
0.19 1248 1230 111.6 121.2 12.3 16.9
0.25 1347 1263 159.2 150.8 21 25.3
0.35 1520 1363 175.6 203 31.6 33.7

in
uence of the pressure and strain rate since its encompasses the Young's modulus, speed of the sound

and density of the material under shock. The di�erence on each parameter depending on the �rst or

second peak is not as linear. The material velocity"u" always increases on the second peak while the

shockwave velocity"D" only increases on the second peak for the shot at 0.13 GW/cm2 and decreases

for the three other ones. Finally the full width half maximum oscillat es between a decrease and an

increase at with each laser intensity increase. With the use of the equation P = � D u (with us the rear

free surface velocity, the maximum velocity of the �rst peak of the backface velocity pro�le obtained

by VISAR and u the material velocity u = us=2) one can observe that the di�erence of pressure

induced for the laser shock at 0.35 GW/cm2 is mainly governed by the shockwave velocity variation

since the material velocity practically does not change between the�rst and second peak. This leads

to a lower pressure on the second peak at this laser intensity whichin turn, induces a higher polymer

chain mobility due to lesser rigidi�cation. The lower fraction of the target transitioning to a glassy

state causes the full width half maximum to increase. This observation indicates that in between the

two peaks, the material is only partially glassy. This also means that by inducing a shockwave with

a pressure high enough in the material, the entirety of its thickness can be transitioned to a glassy

state. Reaching such a pressure would induce a "stable" set of mechanical properties parameters in

the material as its state would not be evolving during the shockwave propagation.

The last mechanical parameter that can be studied through these velocity pro�les is the strain rate

evolution depending on the laser intensity used as well as between the �rst and second peaks. Figure

4.20b shows that the steepness of the �rst peak of the pro�le is independent of the laser intensity

chosen, meaning that the strain rate is not a�ected by such a variation of incident laser energy. This

can either mean that the strain rate is not a�ected by the laser energy in this material or that the
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energy variation is too small to induce a noticeable e�ect in the material. The variation of the strain

rate was also studied between the �rst and second peak of the same pro�leat di�erent laser intensity.

Figure 4.21 shows the two peaks superimposed at the four intensitiesalready shown before. The

steepness between the �rst and second peaks is decreasing on each plot.

(a) (b)

(c) (d)

Figure 4.21: Superposition of the normalized �rst and second peaks of velocity pro�les at di�erent
laser intensities. (a) 0.13 GW/cm2, (b) 0.19 GW/cm 2, (c) 0.25 GW/cm 2 and (d) 0.35 GW/cm 2.

The steepness of the second peak decreases with higher laser intensities. The slope for 0.13, 0.19,

0.25 and 0.35 GW/cm2 is respectively of 0.016, 0.015, 0.012 and 0.010). This steepness variation

demonstrate a lowering of the strain rate while the laser intensityused gets higher contrary to what

has been shown in �gure 4.12. Under high pressure and strain rate a material like the acrylate tape

with rubbery properties and subject to glassy transition seems to exhibit a di�erent behaviour at

low and high pressures (or laser intensity). Under a pressure of theorder of hundreds of MPa the
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material is only partially glassy and seems to exhibit rapidly evolving mechanical properties that are

not necessarily the same as the one that can be observed with the use of laser intensities higher than

the damaging threshold (� 0.86 GW/cm2).

4.2.3.2 Properties at higher pressures

The characterization of the mechanical properties was extended to laser intensities higher than

the damaging threshold (up to 10.13 GW/cm2). Figure 4.24 shows the di�erent backface velocity

pro�les obtained at di�erent intensities ranging from 0.13 to 10.13 GW/cm 2 and the time needed for

the shockwave to hit the backface of the target.

(a) (b)

Figure 4.22: (a) Backface velocity pro�les extracted from VISAR experiments at laser intensities
ranging from 0.13 to 10.13 GW/cm2 on a 1 mm acrylate tape target coated on both sides by 10� m
pure, 99.9% aluminium and shot with a 7 ns laser pulse, 532 nm wavelength.(b) Time needed for the
shockwave to hit the backface of the target after the laser pulse depending on the laser intensity of
the laser shot.

The shots previously shown in �gure 4.20a are also added for comparison. Thebehaviour at higher

laser intensities demonstrates di�erent mechanical behaviour. The steepness of the pro�le becomes

a lot more pronounced starting 1.04 GW/cm2 and getting more and more steep until 8.32 GW/cm2

where is stops evolving, mainly due to the breakdown threshold being reached thus preventing the

pressure produced from going higher. The time needed for the shockwave to reach the backface of the

target goes from 842 ns to 390 ns thus expressing the large evolution of the mechanical properties of the

acrylate tape target under high stress/strain rate conditions. No study of the mechanical parameters

between the �rst and second peaks of the pro�les could be done here dueto the damaging of the
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con�nement at intensities higher than the breakdown threshold, preventing the apparition of a second

peak. The variation of the di�erent parameters ( "D" , "u" but also the pressure"P" and the density

" � " were calculated from these experiments.

The pressure calculation could not be done using the model providedin [195] since it has been

validated between 1 to 10 GW/cm2. Under 1 GW/cm 2 the interaction starts to change since the

re
ectivity becomes governed by metallic re
ection rather than by a re
ection on the plasma (see

�gure 1.5) thus the values given by most models at low intensities have higher uncertainties than

the results at laser intensities above 1 GW/cm2. Work from Bardy [210] shows experimental points

obtained at low laser intensity in a con�ned regime with a 7 ns top-hat pulse at 532 nm. In this

work, the pressures are extracted from the shots through the CEA internal code ESTHER which

appears to be a better alternative compared to Abaqus for pressure prediction from laser experiments

while also giving access to the plasma temperature and others variables through its calculations. The

results given should still be taken carefully as they present an uncertainty higher than 15%, especially

considering the measurements realised were done with a top-hat pulse instead of the Gaussian one

used with the H�epha•�stos laser. The pressure measurements under 1 GW/cm2 are given in �gure 4.23.

Figure 4.23: Maximum pressure depending on the laser intensity through the use of the ESTHER
code, con�ned regime, 7 ns top-hat pulse, 532 nm (results taken from [210]).

The shockwave velocity as well as the material velocity are calculated using the same method
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described above. Finally, the density is calculated using the Rankine-Hugoniot equation:

� 0D = � (D � u) (4.4)

With � 0 = 0.935, the value was calculated with a density scale on the acrylate tape polymer. Figure

4.24 shows the results of the calculation of these di�erent parametersdepending on the intensity of

the laser shot chosen.

The variation of the di�erent parameters studied depending on the intensity of the laser shot can

be described as follow:

ˆ The pressure plot in �gure 4.24a describes the classic trend for lasershots with this type of set

parameters. The pressure increases along with the laser intensityup to 7 GW/cm 2 when the

breakdown threshold is reached, corresponding to a pressure of 8 GPa. After that point, the

pressure reaches a plateau and the results extracted become more dispersed. This is caused by

the breakdown plasma which absorbs incident laser energy. Due to the process not being really

repeatable from one shot to another, the resulting pressures obtainedare unstable.

ˆ The material velocity "u" , equal to the rear free surface velocity divided by two (the velocity

obtained on the velocity pro�le generated by the VISAR experiment)follows a linear increasing

with the pressure.

ˆ The shockwave velocity"D" quickly rises with an increasing pressure up to 2 GPa. From 3.8

to 6 GPa a plateau is observed with a shockwave velocity staying ataround 2125 m/s. This

phenomenon can also be observed on �gure 4.24 with multiple backface velocity pro�les showing

the beginning of their �rst peak at 520 ns despite the laser intensity between shot increasing.

After 6 GPa, the shockwave velocity starts to increase again up to thebreakdown threshold.

Because the pressure stops rising,D stops going higher as well.

ˆ Finally the density � variation matches the variation of the shockwave velocity. Considering

equation 4.4, it is consistent with the calculation that is more in
uenced by the value ofD than

by the one ofu. The same plateau is observed but starts around 4.8 GPa and stops at 5.8 GPa.

Passed this value the density goes a little bit higher, reaching 1.097at 6.6 GPa. A second plateau
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caused by the breakdown phenomenon which prevents the density from going higher passed this

laser intensity.

(a) (b)

(c) (d)

Figure 4.24: mechanical parameters extracted from the pro�les obtained byVISAR measurements on
shot with a 7 ns laser pulse, 532 nm on 1 mm acrylate tape targets coated on both sides by 10� m
pure, 99.9% aluminium (a) Pressure depending on the laser intensity, (b) material velocity depending
on the pressure produced, (c) shockwave velocity depending onthe pressure produced and (d) density
of the target depending on the pressure produced.

From these results the impedanceZ of the acrylate tape con�nement depending on the pressure

applied is obtained using Z = �D . The result is given in �gure 4.25 and compared with results

obtained with water that have been extracted from measurement of the shockwave velocity depending

on the pressure realised by Bardy et al. [210].

The results obtained show a lower impedance developed by the acrylate tape con�nement un-

der laser shock conditions compared to the water con�ned regime. Eventhough their impedance
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Figure 4.25: Impedance depending on the pressure applied for the acrylate tape con�nement and water
con�nement from Bardy et al. work [210].

at P � 0 GPa are close (Zwater = 1.48.105 g.cm� 2.s� 1 for water at I = 0 GW/cm 2 and Zacrylate =

1.17.105 g.cm� 2.s� 1 at 1.1 GPa for the acrylate tape con�nement), the water impedance reaches

higher impedances while under higher laser intensities and hence higher pressures. The maximum val-

ues reached are for water and acrylate tape, respectively 4.47.105 g.cm� 2.s� 1 and 3.02.105 g.cm� 2.s� 1.

4.2.3.3 Mie-Gr•uneisen parameters extraction

The Mie-Gr•uneisen equation of state is linked to the pressure and volume in a solid at a set

temperature. It can be written as:

� = V
�

dP
de

�

V
(4.5)

With:

� : the Gr•uneisen parameter which represents the thermal pressure from a set of vibrating atoms.

V : the volume.

P: the pressure.

e: the energy.

If the Gr •uneisen parameter is considered to be independent from the pressure and energy then the
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