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Abstract

The laser shock peening process is commonly used in the aerospacdustry. It consists in focus-
ing a laser pulse at the surface of a metallic piece to reinforce itsafigue behaviour properties. When
the laser pulse hits the surface of the material, a plasma is created anstarts to expand in the air.
This plasma release induces the creation of a shockwave with a typal pressure in the GPa range
that plasticises the matter. As a result, compressive residual sesses are induced in the material.
They are themselves the cause of the nal improved fatigue behaviourln 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 maximm pressures during a longer
duration. However, this con guration does not allow for the treatment of some speci ¢ 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, tranparent polymers is studied and
demonstrates good results allowing to consider polymer as a true caiahte for all the laser peening
applications where water cannot be used. After a state of the art and a premntation 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 aeronaualloy while a second part
presents the exible polymer mechanical behaviour under laser caditions (high pressure and strain

rate).

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

transition, Residual stresses, Fatigue.






Resune

Le proec de laser shock peening est couramment utilise dans'industrie aeronautique. Il consiste
a focaliser une impulsion lasera la surface d'une pece netalique dont il faut renforcer le comporte-
ment en fatigue. Quand l'impulsion laser atteint la surface de la cille netallique, un plasma se cee
puis se cetend dans l'air. Cette detente engendre la ceation dune onde de choc avec une pression
de l'ordre du GPa quia pour e et de plasti er la matere qu'elle traverse. En congquence, des con-
traintes esiduelles de compression sont induites dans le matgau et ce sont ces derneres qui sont
la cause du meilleur comportement en fatigue obtenu. A n de produiredes pressions su santes au
traitement d'alliages utilies dans I'&eronautique, une couche deau est place sur la surface de la pece
a traiter. Cette con gurationa pour e et d'empécher la cetent e du plasma dans I'air, provoquant des
pressions plus fortes pendant un temps plus long. Cependant le egie con re par eau ne permet pas
le traitement de certaines zones speci ques des avions dans legelles de I'eau ne peut pas étre ameree.
De ce fait, une alternative au con nement eau apparait comme recessaireDans ce manuscrit de these
l'utilisation d'un polyrrere transparent et exible montre de bons esultats permettant de consicerer
les polyrmeres comme de vrais candidats pour les applications de grenkige laser dans lesquelles I'eau
ne peut étre utilisee en tant que con nement. Apes unetat de I'art et une pesentation des outils
utiliees au cours des dierentes exgeriences, ce manuscritdecrit dans une premere partie le choix d'un
con nement suivi de sonetude paranetrique et de esultats de mesures de contraintes esiduelles apes
traitement. Une seconde partie se concentre sur les proprees ataniques d'un polynere exible sous

un egime necanique de type choc laser (haute pression et vitegsde deformation).

Mots-cks : Laser, Grenaillage laser, Polynere, Adtesif sensible la pression, Transition vitreuse

dynamique, contraintes 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 cyct fatigue a ecting metallic parts,
especially the openwork ones, is a major challenge in the long-term goal ofdreasing the service life of
aircrafts. Replacing such pieces instead of trying to make them lastonger is not a viable alternative,
considering the price and sustainability of the operation. In some casethat 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 cglic loading, stress concentration
or crack initiation. In this context laser shock peening or laser peeimg (LSP) is a solution of choice.
Although the process is really close to classical peening (or shot-blisg) using metallic or ceramic
balls to hit the matter to be treated, LSP o ers many advantages. First of all, the process is non
contact, allowing treatment in claustrated area that are normally dicu It to access. Moreover the
compressive residual stresses imparted in the work-piece by thgrocess are higher and applied more in
depth in the material than what can be achieved with classical peeningBroadly speaking, the fatigue

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

The laser shock peening process consists in focusing a lasergmibf high intensity (in the GW/cm 2
range) at the surface of the piece to be treated. When the pulse hit th target, a plasma is created
and then expands in the air. This phenomenon leads to the creation of a sitkwave 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 piced on top of the target's

surface. This layer prevents the plasma expansion in the air by coming it. This method allows at
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equivalent laser energies to produce pressures up to six time dhier than in direct regime (i.e. no
con nement) while also maintaining this pressure for two times lorger, 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 ireated 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

" The "classical" LSP that uses high laser energiesX to some joules) with pulse duration in the
order of 10 ns, laser spot diameters of multiple mm, a relatively low ogrlap between laser shots
(as low as 30%) and a low pulse frequency. With this con guration a thernmal coating is also
used in order to avoid thermal e ects at the surface of the treated piee which induce tensile
residual stresses as well as oxidation of the surface. This type of coguration is mainly used in

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

The second con guration is a method developped by Yuji Sano in 1997 for thdreatment of
immersed nuclear tanks for Toshiba. This method uses low laser engies (100's of mJ), pulse
durations in the 5 ns range, laser spot diameters typically inferior tol mm and a high overlap
ratio between shots. This allows for the use of laser with a high pulséequency up to 100's of
Hz. A major advantage of this con guration lies in the absence of the necestsi 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 matials treated are high enough

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

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 he use of the process. As
of now, it is impossible to treat some speci ¢ claustrated surfacesugh as interior of wings due to
the presence of kerosene in this place, small bore holes because of impossibility to obtain a good
water ow in such a small space or some speci ¢ parts of cockpits werehie treatment would be used

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

In these conditions the development of an alternative con nement for he 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 alreadghowed promising
results by producing important pressure when used as a con nemenfor the application. In these
conditions, polymers appears a good candidates to be used as con ning khiem for the laser shock
peening application. Moreover this type of material can be tuned by paying 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 methd 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 neent is necessary. An understanding
of the other processes taking place at the di erent interfaces (air/@n nement and target/con nement)
during the laser shots is also necessary. A study of the water con neant is also realised along the
study of polymer con nements in order to have a reference point of corparison that are also compared

with the already existing literature on the subject.

One of the research axis is to compare the results obtained while ugyndi erent types of con ne-
ments to observe the underlying e ects taking place during the pocess. Another part of the work
studies the damaging mechanisms, thermal and mechanical, at work in theolymers used as con ne-
ment during the interaction as the literature on these phenomena inot comprehensive with the laser

energies and materials of interest aimed.

The laser parameters aimed for the nal application by Airbus are laser enegies of some GW/cn?
with a pulse duration of some ns and a laser spot diameter of less than 1 mmThe 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 thered use. The change of nal
wavelength is important for the industrial use if the laser has to be ransported by optic ber in order
to have access to the concerned areas. Indeed, the use of a 1064 nm lasaids 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 eects and be dispensed of the
use a thermal coating. If the comprehension of the laser/matter interacion in such a con guration
is understood, the design and properties of the polymer can be tunetb t the end use better and
can even be adapted depending on the material to be treated by LSP and/or th laser used for said

treatment.

This manuscript presents the work realised during three years tond, 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 send part the polymer mechanical

and chemical characteristics needed for the nal application.

The second chapter presents the materials and methods used for the @rent studies realised during
this PhD work. From the choice of materials used as targets to the tools chsen 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 capbility. A last section describes

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

The fourth chapter describes all the results obtained from experinents aiming at better under-
standing the mechanical behaviour of the chosen materials for con nem# under laser shock conditions

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

A conclusion on the realised work closes the manuscript and is accompaxiewith 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 these s'inscrit dans une probematique pls globale qui concerne la duee de
vie des aronefs, qu'ils soient neufs ou en service. La fatigue dygue qui touche des peces netalliques,
souvent ajouees dans le but de les aleger est un probeme imporant, le remplacement de ces peces
etant tes orereux voire impossible dans certains cas. Une des altenatives apparaissant logiquement
est le renforcement du comportement de esistance en fatigue. Danse contexte, le choc laser ou LSP
pour Laser Shock Peening, aussi appek grenaillage laser apparat commeei solution de choix. En
e et, le LSP bien que proche du grenaillage necanique, pesente d nhombreux avantages : Il s'agit
d'un proecd sans contact, ce qui facilite sa mise en place dans deenvironnements exigus ou di ciles
d'aces. Les contraintes esiduelles de compression ceees gr le traitement sont plus fortes et sont
appliquees plus profoncement par rapport au grenaillage classique. B manere grerale, les proprees

de esistancea la fatigue peuvent augmenter jusqua 400%a l'issue du traitement.

Le proedce LSP consistea focaliser un rayonnement laser de hauténtensie (de I'ordre de quelques
GWi/cm ?) a la surface d'une pece a traiter. Au contact de la pece, un p lasma se forme puis se
tetend. Cette detente du plasma engendre la formation d'une ondede choc qui se propage dans la
cible et la plasti e, entramant la ceation de contraintes es iduelles de compression,etant elles-mémes

responsables des proprees en fatigue accrues.

A n d'optimiser le pro@de, une couche transparente au rayonnement laser est apposea la surface
de la cible an de former un contact intime avec cette dernere. Cette couche permet d'empécher
I'expansion du plasma dans l'air en le con nant. Cette nmethode permet,aenergieegale, de produire
des pressions jusqua six fois pluselewes qu'en egime diect (i.e. sans couche de con nement) tout
en maintenant la pression appligee pendant une duee deux fois fuselewe, de l'ordre de deux fois
la duee d'impulsion laser. Cette con guration pesente cependant une limitation importante. Au
deh d'une intensie seuil, un plasma de claguage se cee a lasurface oua linerieur du maeriau
de connement. Ce plasma a pour e et d'absorber une partie de lenegie laser incidente et par
conequent de eduire lenergie e ective apporkee en surface de la pecea traiter, diminuant de fait
les pressions produites ainsi que leurs duees d'application. Apurd'hui deux con gurations de LSP
con re industrielles existent : Le LSP "classique" pour lequel lesenergies laser sontelewees (de I'ordre

de quelques J), avec des duees d'impulsion de l'ordre de 10 ndes diametres de tAche laser de plusieurs
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mm, des taux de recouvrement tira tir assez faibles et une fequence d'impulsion faible. Avec ces
paranetres, un reveétement thermoprotecteur est aussi utilie an deliminer les e ets thermiques
induits en surface par le rayonnement laser et qui engendrent dentraintes esiduelles de traction
s'opposant aux e ets recherches. Cette con guration est principalement utilisee dans le domaine de
I'eeronautique pour le renforcement du comportement en fatigue et & esistancea la propagation des
ssures des peces traiees. La deuxeme con guration est une nethode de traitement mise au point
par Sano en 1997 pour le traitement de cuves immergees dans le domaine duckaire par la socet
Toshiba. Cette con uration appeke nethode Toshiba utilise des energies faibles (quelques centaines
de mJ), des duees d'impulsions de l'ordre de 5 ns, des dianegs de tache laser inkrieurs au mm et
un taux de recouvrement tira tirelew, le tout avec une feq uence d'impulsion de plusieurs dizaines
voire centaines de Hz. Aucun revétement thermoprotecteur n'est tili’ ce qui pose la question des
potentiels e ets thermiques en surface de la pece traiee. Malge ces e ets potentiellement cekeres
les contraintes esiduelles de compressions induites dans le reaaux sont su santes pour assurer
une anelioration du comportement en fatigue ainsi que de la esistanea la propagation des ssures
des peces traies. Dans le domaine aronautique, c'est la prengre con guration qui est actuellement
exclusivement utilie en egime con re par eau. Cependant I'utilisation d'un tel con nement anmene
des contraintes. Ainsi, il est impossible de traiter les surfaceslaustees telles que l'inerieur d'ailes
d'avion ou encore des aksages de petites dimensions dans lesquddsoulement de I'eau ne peut
étre correctement controk, rendant impossible la mise en plae du proec. L'autre limitation du
traitement par le con nement eau keside dans l'impossibilie de son utilisation sur des surfaces proches
dequipements electroniques comme on peut en trouver dans les ackpits par exemple. Dans ces
conditions le ceveloppement d'une alternative au con hement par eaupour epondrea ces applications
speci ques est indispensable. A la suite detudes mereespar D. Courapied en 2016, l'utilisation
d'un elastonere adtesif acrylate comme con nement a permis de gererer des niveaux de pression
prometteurs. Les adtesifs polynmeres apparaissent donc comme etantdes candidats potentiels pour
ce type d'application du fait de leurs nombreux avantages. En e et, lair exibilie leur permet de
s'adaptera dierentes formes complexes. De plus, les nombreuss possibilies de formulation laissent
entrevoir des possibilies d'adaptation du polynere en fonction de I'application vise ou encore du
maktriau a traiter pour s'orienter vers un matriau "sur mesure” en fonction de la situation. C'est

dans ce cadre que le projet FORGE, dont ce travail de ttese fait parte,aet mis en place. Il regroupe
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le PIMM, le CNRS, le CEA ainsi que des acteurs industriels tels qa Thaks, Rescoll, Imagine Optic
et Airbus an de developper une nethode de traitement par Laser Shock Peening en utilisant un
con nement solide pour traiter des peces pour l'instant inacces$bles avec la con guration actuelle,

gue ce soit en pe-traitement ou en entretien sur les appareils da en service.

Objectifs FR

Les objectifs de ce travail de these sont multiples. Tout d'abord obtenir une compehension plus
ne de l'ineraction laser-matere durant le proed de laser shock peening lors de I'utilisation d'un
con nement polynere. Un travail sur les autres proecdes prenant place aux dierentes interfaces
(air/polymere et polynere/cible) pendant le choc laser est aussi recessaire. Uneetude du con nement
eau soit aussi étre meree en paralele a n d'avoir un point de comparason de ektrence et des donrees

comparables avec la literature dep existante sur le sujet.

Un des axes de recherche consiste a comparer les esultats obtenwn utilisant dierents types
de con nements polyneres a n d'observer les e ets sous-jacents penant place au cours du proede
laser. Une autre partie du travail se concentre sur letude des necanismes d'endommagement,a la fois
thermiques et necaniques qui prennent place dans le polymere € con nement au cours de l'ineraction.
En e et, la literature disponible sur ce sujet est inexistant e dans la gamme desenergies atteinte par

laser et sur les materiaux d'inerét de cetteetude.

Les paranetres laser vies pour |'application nale par Airbus sont desenergies laser de l'ordre de
quelques GW/cn? avec une duee d'impulsion de quelques ns et un dianetre dedthe laser de moins
de 1 mm. La longueur d'onde utilieeetait dans un premier temps de532 nm pour la caracterisation
en laboratoire pour ensuite passera un laser 1064 nm ceveloppe par Thale avec un set de paranetres
correspondantsa 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
deviter des e ets non-lireaires dans la bre qui serviraa at teindre les zones di ciles d'aces. Le reste
des pararetres est proche de ceux utiliees par la methode Tosiba qui permet la eduction des e ets

thermiques et doncevite I'utilisation d'un revétement ther mo-protecteur.

Si la compehension de l'ineraction laser-matere dans une telle con guration est bien comprise, le

design des polyneres de con nement pourra etre adape en faisant &rier leur proprees en fonction
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de l'utilisation choisie.

Ce manuscrit pesente le travail eali au cours des trois anrees de ce doctorat qui consiste a
trouver , caraceriser etetudier un polynere pouvant étre un ¢ andidat potentiel pour etre utilie comme
alternative au egime con re eau de l'application laser shock peening en environnement industriel. Le
premier chapitre pesente le proede de laser shock peenig ainsi que les principaux ptenorenes
y prenant place alors qu'une deuxeme partie pesente les propgaes necaniques et thermiques des

polyneres attendues pour une utilisation en tant que con nement.

Le deuxeme chapitre pesente les matriaux et methodes utilies pour les dierentes experiences
ealizes durant ce travail de these. Cette description part du choix des maeriaux utilies comme

cible et con nement tout en cecrivant aussi les techniques utilises pour les caraceriser au cours du
proedc LSP.

Le troiseme chapitre se concentre dans une premere partie suré choix d'un con nement remplis-
sant les crieres recessairesa son utilisation en tant que con nement pendant qu'une seconde partie
etudie les e ets des dierents paranetres de ce con nement sur la pression produite par choc laser.
Une dernére partie pesente des esultats de mesures de comtintes esiduelles ealiees en utilisant

le con nement polyrere lectionre au pealable.

Le quatreme chapitre cecrit tous les esultats obtenus d'exp eriences visanta obtenir une meilleure
compehension du comportement nmecanique des matriaux polyneres choisis sous des conditions de

chargement trouwees lors d'un choc laser (haute pression et vitegsde deformation).

Une conclusion sur le travail ealie vient clore le manuscrit et est accompagree de perspectives
sur les exgeriences futures possiblesa ealiser a n de pouvai mieux comprendre les ptenonenes mis

en jeu lors du proed: de LSP avec en egime de con nement polynere.

24



Bibliography

25






1 | Bibliography

Content
11.1 A brief laser shock peening history . . . . . . . . .. .. .. ... ... ... ... 33
11.2 Laser shock peening procebs . . . . . . . . . . . . e e 35
I1.2.1 Directregime . . . . . . . . . . e e e e e e 36
11.2.2 Conned regimMe . . . . . . . . . . i i i it e e e e e e e 36
[1.2.3 Breakdowm . . . . . . . . . .. 38
[1.2.3.1 Inuence on transmitted pulse duration . . . .. ... ......... 39
[1.2.3.2  Triggering phenomeng . . . . . . . . . .. e 40
[1.2.3.3 Pulselengthinuence . . .. ... .. ... .. .. .. ... . ..... 42
11.2.4  E ects induced by the treatment| . . . . . . . . . . . .. ... ... ... 43
[1.241 Generalmechanicaleects ... ... .................. 43
11.2.4.1.1 Depth of the plastiedareg . . . .. ... ... ........ 45
112412 Eectoflasershockonhardness . . .............. 46
1242 Generalthermaleects . ... ... ...... .. ... ........ 47
[(1.2.4.3 Thermoprotective layetr . . . . .. ... ... ... ... ... .. ... 48
(1244 ResidualsStresses . . . . . . . . . . . . o 50
11.2.4.4.1 Treatment without thermal coating| . . . .. ... ... ... 50
|1.2.4.5 Roughness modi cation linked to LSP treatment . . . . . . ... ... 52
11.2.5 Key process parametefs . . . . . . . . ... e 54
[1.2.5.1 Pulse prole and duration inuence| . . ... ... ... ........ 54
[1.2.5.2 Wavelength inuence . .. ... ... ... .. ... ... ...... 55
1.3 Applications]. . . . . . . . e e e e 56
11.3.1  Fatigue life enhancement . . . . . . . . . . . . . .. ... 58
[1.3.1.1 Fatigue lite improvement induced by laser shock peenihg ... ... 59
[1.3.1.2 Crack propagation and Initiation| . . . . . . . . . ... .. ... .... 59
[1.3.1.3 Fatigue crack growti . . . . . . . . . .. .. 60
[1.3.1.4  Stress corrosion cracking resistance . . . . . ... ..o L. 60
11.3.2 Other laser application$ . . . ... .. ... ... ... .. . .. ... 61
11.3.3 Laser peening compared to other peening strategies . . . . . ... . .... .. 63
11.3.4 Industrialisation challenges with water connement . . . . . . .. ... ... .. 64
1.341 Partstobetreated ... ........... ... ... . . .. ..., 65

27



CHAPTER 1. BIBLIOGRAPHY

11.3.5 Advantages of polymer connement . . ... ... ... ... ... . ...... 66
I1.4 Polymersasconnement. . . .. .. . . . . . . .. e 67
11.4.1  Laser interaction with polymen| . . . . . . . .. . .. ... ... ... 68
[1.4.1.1 Heatinginclusionmodel . . . . ... ... ... ... ... . ...... 70
[1.4.1.2 Bondbreakingmodel . ... ... ... ... ... ........... 71
[L.413 Coloured centermodeél . .. ... ..... ... . ... ........ 71
11.4.2  Properties needed for a polymer con nement for LSP treatment . . .. . . .. 71
[1.4.2.1 Crystalline properties . . . . . .. ... ... ... . . ... . ..., 72
[1.4.2.2 Bondstrength . .. ... .. ... .. . . . ... .. . ... . . ... 72
(1.4.2.3 Polymerchoice . . . .. ... . ... ... 72
11.4.3  Pressure Sensitive Adhesive description . . . . . . . . .. L e 73
1.431 MechanismsofPSAs . ... ... ... ... ... . ... ... ..., 75
[(1.4.3.2 Application requirements . . . . . . . . . . . ... 76
11.4.4  Overview of polymers material properties . . . . . . . . . .. . .. ... ... 77
|1.4.4.1 Viscoelasticity and viscoplasticity . . . . ... ... ... ....... 77
14411 Stressrelaxation . ... ..................... 79
11.4.4.1.2 Dynamic mechanical measurement . . . . ... ... .. ... 79
11.4.5 Non-linear viscoelastoplasticity . . . . . . .. . .. ... .. .. .. .. ..., 82
11.4.6 Elastomers under high stressrate . . . . ... ... ... ... ......... 82
[1.4.6.1 Dynamic glass transition . . . . . . ... .. ... .. .. . ... ... 82
1462 Pressureeedt .. ... ... ... ... 83
1463 Stranrateeectl. ... ... .... ... ... . ... . ... ..., 84
I1.4.7 Model to describe elasticity . . . . . . . . . ... .. . ... 86
11.4.8 Model to describe glassy polymefs . . . . . . ... . ... ... ... ... 87
|I1.5 Conclusion on the needed properties for the connement . . . .. .. ... ... ... 88

28



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 whie the other is focused on the

polymer aspect of project.

The rst part begins with a comprehensive laser shock peening hisry is presented in order to
give the reader a sense of the process as a whole from where is startedthe way it is used nowadays
with its advantages and drawbacks. Thereafter, a detailed presentatin and explanation of the laser
shock peening process is given and opens to the e ects induced liye 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 potéat 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 aimkéd to the speci ¢ 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 worki-irst, a presentation of the
literature available on the interaction between polymers and laser ipresented as well as the damaging
mechanisms involved in such a type of interaction. Then, propertie that a polymer needs to have
in order to be a good candidate for the laser shock peening application ardescribed. Thereafter,
a potential class of polymers, the pressure sensitive adhesives goeesented as good candidate to be
used as con nement for the laser shock peening process. Their pregties are then described as well
as the general phenomena that take place in this type of materials. The dpter is continued with
a description of the mechanical behaviour of such material under hightgain rate and/or pressure,
followed by a brief overview of the models available to representhese e ects. The chapter is then
closed with a conclusion on the needed properties for the con nementhat will be chosen for the

treatment of the work pieces involved in this project.

Historique du laser shock peening

Les premeres cecouvertes ayant mere au ceveloppement du lase shock peening (LSP) moderne

ont commene dans les anrees 60 avec l'expansion des technologies @sdrs pulses|[1l]. Letude de
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CHAPTER 1. BIBLIOGRAPHY

I'interaction laser-matere avec dierents matriaux a condui ta des mesures de pression sur les surfaces
ablaees par impulsion laser avec des sondes pezelectriquelZ]. Une avanee majeure aek ealise en
1970 quand Anderholm cecouvrit que la pression produite par un choc lasr pouvait &tre grandement
augmente en con nant le plasma produit en placant un materiau de lectriqgue (dans ce cas un quartz),
transparent au rayonnement laser, sur la cible[I3]. Au cebut des anees 70, desetudes ont commene
sur les e ets du grenaillage laser applige sur des cibles netalljuesa l'institut Battellea Columbus en
Ohio. Ces travaux ont monte une anelioration des proprees mec aniques de la zone traiee par LSP
[4]. Lesetudes merees durant cette periodeetaient limie es par le faible nombre dechantillonsetudes
ainsi que par le manque de nethodes de caracerisation pecises.Par la suite, le developpement du
proedc de grenaillage laser a ralenti aux USA par manque de source lasettilisable dans un cadre
industriel. Dans le m&éme temps, cette periode correspond au ebut d'un certain nombre detude en
France sur dierents aspects du proed: de LSP : l'interaction con ree [5] 6] [7] 18], la caracerisation
des ondes de chod 9], les e ets necaniques induit$ |10, 111,112], lesoprees en fatigue [L3] 14],
lecaillage [15], [16] ou encore la densication de poudre[[17]. Pendant les aees 90, de nouvelles
sources laser ontee develope, accompagrees par des diagnhostique d'analyse des ondes de chocs
plus pecis [16, [18,[19]. Ces nouveaux outils ont lan@ un renouveau dans leecherche assocee au
domaine du choc laser et ont permis le cebut de l'industrialisationdu proed au travers le traitement
de pales[[20]. Au m&me moment, le proecetait aussi ceveloppe pour son utilisation dans l'industrie
nuckaire [21]. Cet inerét de la part de l'industrie fut motiv e par les avantages du grenaillage laser par
rapport au grenaillage classique ; un makriau traie par LSP a une profondeur de zone a ecte
par le traitement plus grande gqu'un maeriau traie par grenaillage. Les contraintes esiduelles dans
le maeriau sont aussi plus fortes, conduisanta de meilleures propees de comportement en fatigue
ou en esistancea la corrosion. En paralkle au ceveloppement industriel, de nouvellesetudes furent
lan@ees, notamment en France pouretudier plus en cetail les proprees en fatigue [22], en esistance

a la corrosion [23] et en propagation de ssures[|[24]. Cette periode vit assi le debut de la recherche
dans le domaine par la Chine par des chercheurs comme Zharig[25]. Dans &sees suivantes, le
nombre de brevets assoces au proed de grenaillage laser a augmerde manéere importante avec
lindustrialisation rapide de la technique (g. {.1a). A partir de cet te periode, I'utilisation du LSP

en industrie a commenae a cecoller avec la ceation d'entreprises comme LSP Technologies en 1995

qui a commenea o rir des solutions de LSPa lechelle industr ielle ou encore la Metal Improvement
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Company, ceee en 1945 mais qui commencea proposer des traitementsgp grenaillage laser en 2003.
Grace a ces acteurs le proedc se cemocratise dans le monde dustriel mais aussi dans celui de la
recherche an de mieux comprendre les prenonmenes mis en jeu larde l'interaction laser-matere.
Depuis le cebut des anrees 2000, la simulation du proede coupkea des experiences est aussi devenue
un enjeu majeur dans le but de produire des outils pecis permgant I'optimisation des dierents

parametres du proec et d'acekrer le ceveloppement du LSP tout en eduisant son co(t.

Aujourd’hui, le LSP est de plus en plus utilia lechelle in dustrielle bien qu'il soit esenea des
applications speci ques sur des péeces critiques dans le but & renforcer leur duee de vie. D'autres
domainesevoluent rapidement vers des applications industriells comme le traitement de peces pro-
duites par fabrication additive laser. Le traitement par LSP de ces peces permet de corriger leur forme
grace au grand controle apport par la ma'trise des dierents parametres laser compae au grenaillage
classiquel[277,28]. Le grenaillage laser, malge son co0t de mise en uvrelpselevea cesormais monte

son e cacike pour le renforcement des proprees nmecaniques d e peces critiques.

Lors de la mise en uvre du pro®d, le makriau de con nement cl assiquement utili® est I'eau
pour sa transparence, et sa faciliea ceer un contact e cace avec la ciblea traiter. Un des obstacles
a l'extension de I'utilisation du LSP est I'impossibilie d'ut iliser dans I'eau dans le cas du traitement
de certaines peces dans des lieux avec des atmospteres eaetis, des zone dans lesquelles on peut
trouver de lelectronique embarque ou encore toutes les zones ou feprojections d'eau ne peuvent
etre nettoyees avec certitude dans le cas du traitement de sticture cep assembkes. Une solution
serait de remplacer I'eau de con nement par un matriau solide, commeaktp monte dans les travaux
de Anderholm avec l'utilisation de quartz comme matriau con neur [B]. Cependant, l'utilisation de
verres rigides pour le traitement de peces de geonetrie compexe n'est pas possible, il faut donc trouver
un matriau exible s'adaptanta ces formes particuleres. Un poly nere exible apparait comme un
candidat prometteur pour de telles applications. Des polyneres, sos forme rigides ont cepetetude
dans la literature par Hong et al. [29]. Dans ce travail les auteurs ontevalte I'in uence du matriau
de con nement sur l'impedance eduite du syseme et sur la pression nale produite par les chocs laser
sansetudier le potentiel de ces matriaux poureventuellemert remplacer I'eau en tant que con nement
pour des applicationsa lechelle industrielle. Une autre approche ceveloppee pour le traitement par
grenaillage laser consistea utiliser une paranetrie dierente developgee par Y. Sano et al. [30,[21] en

utilisant des tAches laser plus petites coupkesa un taux de epetitioneleve qui permet de s'a ranchir
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de l'utilisation d'un revétement thermo-protecteur tout enev itant les e ets thermiques de surface

induits par le plasma lors du traitement.

Si toutes lesetapes du proed, du dimensionnement jusqu'autraitement laser, sont correctement
maitriees, le LSP en egime con re par eau ou par polynere pourra devenir de plus en plus usit,

entre autres sur des peces critiques egeres recessitanune duee de vieeleee.
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1.1 A brief laser shock peening history

The rst discoveries leading to the development of modern-day &ser shock peening (LSP) started in
the 1960s with the spread of pulsed laser technology¥I[1]. The study of lasemteraction with di erent
materials led to pressure measurements on a surface ablated by a pats laser with piezoelectric
momentum transducer [2]. A major breakthrough occurred in 1970 when Andeholm discovered
that the pressure delivered through a laser shock could be greatly iproved 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 mprovement of mechanical
properties in the treated area [4]. The studies from that period wee still limited due to the low

numbers of sample studied and the lack of tting and accurate characterkation methods.

After that, the development of the subject was slowed down in the Unied State since no laser
sources allowed for an industrial application yet. On the other hand ths period corresponded to the
beginning of a number of studies in France on di erent aspects of the pcess: con ned interaction
[5,[6,4,[8], shockwave characterization'[9], mechanical e ects inducefd0, [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 accurebaracterization diag-
nostics for shockwaved[16, 18, 19]. These new tools gave a second breatthresearch in the domain
and started the industrialisation of the process in the aerospace indstry with fan blade treatment
[20] while the process was also developed for applications in the nuakeindustry [2I]. This industrial
interest steams from the advantage of laser peening compared to conveatial peening. A material
treated by LSP has a much larger a ected depth than a material treated by @mnventional peening as
well as higher compressive residual stresses induced, leadinghietter fatigue and corrosion resistance

properties.

In parallel of the industrial development, new studies began in Frane among others on fatigue
properties [22], corrosion[[28] and crack propagation [24]. This period also sathe 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. [L.14).
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@) (b)

Figure 1.1: (a) Growth of the number of patents associated with laser shck peening through the years
(from [286]), (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 othe Metal Improvement
Company, created in 1945 and that started proposing laser peening solutionsn 2003. Thanks to
that, the process became more popular in the industry while also beg 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 prodge tools to ease the optimization of

the di erent parameters of the process, further accelerating indistrial implementation.

Today, LSP at an industrial scale, although chosen for specic applicatiors, is more and more
applied in the aerospace and automotive industry for the treatment of senitive 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 correati treatment due to the highly
controlled nature of the process compared to conventional shot peenin{®7,[28]. Coupled with the
deeper levels of residual stress produced, it has shown to be highcost e ective despite its higher

operating cost compared to conventional shot peening.

Water is the usual con ning material because it is cheap, transparent b the laser, and ensures
contact with surfaces. One of the obstacles to extending LSP's applations is the impossibility of using

water in a reactive atmosphere or near electronic devices as well as areakere water can be retained if
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not collected properly in the case of treatment of already assembled stictures. A solution to this issue
should be a solid material, as demonstrated by the pioneering work on lasshock [3]. However, the use
of rigid glasses for the treatment of pieces presenting complex geomeds such as the ones encountered
in the aerospace industry is impossible. In contrast, a soft polymer @n nement, with its adaptability,
shaping possibilities, and wide range of formulations and properties sian ideal candidate for this type
of need. Laser shock peening with polymer con nement has been stuelil only by Hong et al. [29]. The
authors evaluated only the in uence of the con ning medium used on mebanical impedance, without
carrying out a complete investigation of the performances exhibited lp 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 appliations.

Another approach to optimize the laser shock peening process lies ithe use of a di erent para-
metric. As shown in the Work of Y. Sano et al. [30,[21] the use of smaller lasempst coupled with
a high shot repetition rate allow to avoid the use of a thermal coating usally 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, wittwater and/or polymer con-
nement, become more and more used, especially on light critical stratures with high service life by
coupling optimized dimensioning with accurate modelling of the pats 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 pulse, GW/cm? energy) at
the surface of a material. The incident energy is absorbed by a thin Iger of the material up to its
vaporisation and ionisation to form a plasma. The release of the plasma indws, by kickback e ect,
a pressure which is applied on the surface of the treated material. Té stress created propagates
through the material as a shockwave which modi es the matter properies 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: Dierent e ect induced by the laser shock peening praess 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 the equivalent to the length
of the laser pulse € 1 GPa) (g. 1.3@). This con guration is mainly used in lab setting for the st udy

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

1.2.2 Con ned regime

The con ned regime consists of applying a transparent overlay, a dilectric 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 connement. 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 producedill be higher (6 to 10 times) and

its time of application will be approximately two times longer than the laser pulse duration ( g. [L.3p).

The higher pressures produced induce higher residual stressesit also allow to treat materials
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Figure 1.3: Laser Shock Peening principle, (a) direct regime and (b) @ 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 studieby some such as Ander-
holm [3], Fournier |[5], Devaux [] and Berthe [33] or modelled by others ke Fabbro [€] or Sollier [34]
in order to calculate the pressures induced by a laser shock depdimg 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 psk duration and the laser intensity.
The studies cited above brought up three main steps to describe # pressure production during the

laser shock process:

" During the laser pulse, the incident energy is completely deposid 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 bothtime con nement and in
the shocked material. These two shockwaves Dand D, put into motion the matter behind them
at the material speeds 4y and u, (see gure . Consequently, the interface between the two

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

o 4P((GPA) (9)
Z(g:cm 2s 1)

L(t)(m)=2:1 (1.1)

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

of the system ¢ = (1=2Z1) + (1 =Z5)).
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" 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 resulthe 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 witlold materials are neglected.
The rst step is more detailed in Fabbro's work [6]. It shows that the laser 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. This 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 peenig treatment, this con gura-
tion have some drawbacks. Mainly the potential creation of a breakdown fasma at the surface of the
con nement at high energies on top of the "normal”plasma. This breakdown gasma can absorb a part
of the incident laser pulse, thus reducing the pressure prodwed by the treatment and also shortening

the length of the pressure application. Details on this phenomenon cané 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 traritied power density F; as a
function of incident power density Fo (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 Inuence on transmitted pulse duration

A way to characterise the apparition of a breakdown plasma is by measung 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 intentés a little bit higher than

the breakdown threshold, the maximum of the laser pulse pressuresireached 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 angulse duration to decline

(gure L.7]3) [B7].

Figure 1.7: Breakdown plasma initiation depending on the laser inteny - 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 highe than (2.).

1.2.3.2 Triggering phenomena

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

and electronic avalanche processes.

~ 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 breaklown plasma is triggered
when the electronic density goes higher than the energy threshold dhe atoms illuminated. In
the case of laser shock, it takes the form of a plasma created at the surfamf the con nement
used an absorbs the incident laser energy, thus reducing the oveta cacy of the process. The
electronic density threshold which induces the breakdown plasm is called the critical density
nc. The phenomenon of photoionisation consists in bringing energy is the fon of photons to a

surface. If the photon energy is higher than the ionization threshold, he 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 comaped to the photons
energy (i.e. number of combined photons energy in order to reach the tieshold). Experiments
showed that MPI is favoured by lower wavelengths whereas the puksduration has no signi cant
e ect on the threshold even though is slightly decreases with long plses. Overall the process

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

Electronic avalanche: The second phenomenon taking place in the breakdown plasma formation
is the electronic avalanche. If the atoms ionized by the laser pulsedve su cient energy, they
can ionize surrounding atoms by collision through the inverse bremmsahlung process. At each
collision a new electron is produced, which leads to an exponential gwth of the electron number

until the critical density n¢ is reached. The phenomenon is described with the following equaith:

e +h +A!l 2e +A" (1.3)

For this process to take place, seed electrons are needed in the arsgeing the laser shock. The
energy needed to reach the ionization threshold is increased by thesa 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 thelectronic avalanche to take
place and trigger the formation of a breakdown plasma. The seed electronsan also be present

naturally in the material.

The laser parameter in uence can be considered as follow: high laserte@nsity favours the start
of both the phenomena while a short pulse duration reduce the probabiy of the two phenomena.
The wavelength in uence is dependent on the mechanism concernedAt shorter wavelengths the
MPI process is favoured while the electronic avalanche is attenu&d. 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 electrongor 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 dsers on water con ned alu-
minium targets is given in gure [[.8] The maximum pressure produced vere measured for 600 ps, 10
and 25 ns Gaussian pulses and 3 ns square pul$el[40] B9, 36]. For each con guratidw tresults is

divided in two parts:

" Under the breakdown threshold the pressure grows with the laser iensity following a P / P I

trend

" Once the breakdown threshold is reached, the pressure starts t@atirate.

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 [40,139,136]).

The breakdown threshold is modi ed depending on the pulse duratbn used, it is decreasing with
a shorter pulse duration. For the 10 ns and 25 ns pulse duration the presse plateau starts around
10 GW/cm?2. For a 3 ns square pulse it appears only at 30 GW/crh and at 60 GW/cm?2 with a 600
ps Gaussian pulse. The decrease in pulse duration is accompanied by @ver maximum pressure:
the maximum pressure for 10 and 25 ns pulse is 5 to 6 GPa while for the 3snand 600 ps shots
the maximum pressure reaches up to 7 - 8 GPa. One could think that deeasing further the pulse

duration could be an easy way to reach higher pressures but studies bgchoen showed that with a
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1053 nm, 10 ps pulse on copper targets with a glass con nement the pressuvary linearly with the
laser intensity as opposed to what was observed with longer pulses be®{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. Devauk][7] demonstrated thafsing pulses with a
sharp rising edge was bene cial by comparing laser shot with the same pse duration but di erent
pulse shapes. His experiments showed that compared to a regular Gaiess 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/ct

before saturation.

These studies direct the choice of laser pulse parameters toward stt pulse with sharp rising edge.
However, for laser shock peening treatment the pulse duration alsoniuence heavily the depth of
plasti cation, so to say the depth of the compressive residual streses. 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 deformatin 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 thermoprotetive 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 materieated undergoes a mechanical
loading. The pressure loading induces an uniaxial compression of the targg area while the planes
parallel to the surface in the surrounding matter are put under tensle loading. The plasticised matter
pushes the neighbouring material ( g. (a)) while the still elastic matter responds by compressing

the plasticised area, thus inducing compressive residual stress (g. [L.9p).

In order to further develop laser shock peening treatment and to opimize 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 vyield criterion [42] in the case of a sysi of longitudinal plane waves
with a purely uniaxial deformation [LO]. The model shows the importan@ of the Hugoniot Elastic
Limit (HEL) noted Py of the material. The HEL draws the line between two shockwave propagabon

regimes:

~ If the impact pressure is< Py the shockwave propagates has an elastic wave having no e ect

on the matter is goes through.

" If the impact pressure is> Py 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 cation and (b) Compressive
residual stress production

Ballard's work shows that the plastic deformation induced by the treatment begins atP > P and
saturates at pressure> 2Py (gure . The optimal treatment pressure is shown to be around2 to
2:5Py and exhibit the highest deformation at the surface of the material. Thisresult shows that the
optimal pressure treatment is only dependant on the mechanical propeies of the target shocked. The
model also allows for the calculation of the maximum induced residual tsess and compares it with
experimental results from Ballard [10] and Peyre[[4B3]. The maximal amplitide for residual stresses is
close t0 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 thtarget where the pressure

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

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

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

Figure 1.11: Evolution of the plastic deformation induced by laser peenig 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 (Py) for a nearly Gaussian pressure pro le (between

rectangular and triangular):
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CpCe P
Ce GCp2Pn

p = (1.4)

With L, the plasti ed depth, ¢, 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 with Von-Mises criterion,

put into motion by an uniaxial deformation composed of a system of longitudiral 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 locatid plastic deformation
induced either by mechanical indentation or abrasion. An increase of théhardness can be linked to
an improvement of the elastic limit ( ) of the material. This change of elastic limit is important in
the case of laser shock peening treatment with high overlap and/or mulple 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 mwst be chosen if one wants to
accurately model the laser shock peening process. The LSP prosdgsduces an increase of the treated
material surface hardness caused by the increase in dislocation detys(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 hardnesseasurements:

~ Scratch hardness

Rebound hardness

~ Indentation hardness

In the case of laser shock peening, indentation measurements are ustedevaluate the e ect of the
treatment generally with a Vickers hardness tester. For pure aluminum an improvement of 37.5%
(from 40 to 55 HV) was obtained after a single pass of LSP without coating (1064 nm , 7 m
diameter spot, 20 J, 23 ns pulse, water con ned)[45]. Comparison of the e & of a thermal coating
were studied for 6061-T6 aluminium (1064 nm, 1.5 mm diameter spot, 2.5 J, 8 navater con ned,

black paint thermal coating) and are given in gure [[.12]

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

(respectively 120 and 121 for the LSPed ones and 110 for the untreated one). Cthe surface the
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Figure 1.12: Micro-hardness prole on a 6061-T6 aluminium sample cross seo 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 Imm depth the hardness of
all the sample reach a plateau around 108 HV. The same trend of improvement iseported for other

materials, for example aluminium alloys [47 [ 48], steels [49, 50] or titanium &ys [51].
1.2.4.2 General thermal e ects

In the case of laser peening without thermoprotective coating, besidethe mechanical aspect, the
surface of the material is also a ected by thermal e ects. Multiple thermal e ects are observed at the

surface of the material:

" Ablation of the super cial layers ( 1to5 m)
~ Fusion of the underlying matter ( 5to 10 m)

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

" Creation of residual tensile stresses at the thermally a ected suidice ( 10 to 80 m)

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

The phenomenon is explained on g[1.IB. During the pulse the targeted a®eis 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 (d. 1.3 (a)). However, at the eraf the laser pulse the matter
starts to cool down and contracts to have a smaller volume than at the begining. To compensate
the loss of volume the surrounding matter has to pull the treated area b force it to retrieve its initial
volume (g. L.13|(b)). This e ect induces tensile residual streses. Under the thermally a ected area
compressive residual stresses are imparted in the material the sanveay as a treatment with thermal

coating.

Figure 1.13: Mechanisms involved in the creation of tensile stress at th 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:

" Ablation of a layer of matter at the surface (around 1to 5 m)
~ Creation of residual oxides at the surface of the treated area

~

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 for inconel 718 with a Nd:Yag laser (1054 nm) using a 20 ns psak duration.
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The use of a thermal coating causes the plasma to be formed at the surfaad the coating. The
thermal damages induced by the plasma heating are applied at the surfacef 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
casesl[[52]. For some in-lab experiments, the con nement chosen was margginal 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 inforation in Appendix B}
but the thermal coating stays the same as opposed to another treatment nmbod created by Y. Sano
[30,[21] which does not use any thermal coating to protect the surface on thmaterials treated. This

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

" Topology/Roughness of the shocked piece

~ Surface hardness

~ Surface residual stresses

Figure 1.14: Representative images of (a) a single dimple after shot with arotective 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 nh@nical properties (fatigue and
corrosion resistance) of the treated material thanks to the compresse residual stresses imparted in
the treated material through its plasti cation. In the case of a treatment with a protective coating,
inducing only a mechanical e ect, the residual stresses are compssive on the surface through up to
a certain depth depending on the laser parameters and the type of matél 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 imprtance 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. Figurd 1.15a shows an example of the change of the residual sses measured on a 2024-T3
aluminium alloys depending on the pressure applied, stressinghe importance of the control over the
laser parameters and pressure optimisation while taking into account lte limit of the application of

the process.

(@) (b)

Figure 1.15: (a) Residual stress measurement in a 6 mm thick 2024-T3 alumiunm 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 stace is heated while the subsurface
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is plasti ed to induce compressive residual stresses. When thieeated surface cools down it participates
to the relaxation of the compressive residual stresses present uatheath and is thus put under tensile
residual stresses. Consequently, the resulting residual stsges 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 igo use another con guration
which was rst presented by Mukai in 1995 [30] and was then developed maiglby Y. Sano for Toshiba
for the treatment of immersed nuclear tank [59,[60,/61[62]. It uses high oveap 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 dudo the shortening of the plasma
releasel[63]. This process also uses a low energy laser (around somednads of mJ) with a wavelength
of 532 nm. As a result, the material treated shows improvement in its esistance against fracture and
stress corrosion cracking thank to the high compressive residual s#sses imparted in the work piece.
The depth aected by the residual stresses is a bit lower than wih the classical treatment. The

advantages of such a con guration are as follow:

" No need for thermoprotective coating

" For small laser energy, the laser can be transported through a exible ogt ber if the wavelength

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

" Water-immersed object can be treated thank to the 532 nm wavelength oftie lasers used

~ 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 pw@duration of
some ns. To compensate for the low energy the number of pulses appli€éde the pulse density) is
increased. The increase of the number of shots does not really have ampact in the treatment time
since the low energy needed for the shots allows the use of high fregpcy laser (tens to hundreds of Hz
of repetition rate). One of the drawback of this process lies in the dpth a ected by the compressive

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

Figure 1.17: Residual stresses in depth of a 20% cold-worked type-304 ausitic 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 matte during treatment
without protective coating. In the case of alloys for aerospace applicationghe surface roughness must
meet strict criteria, especially for exterior critical parts that ¢ an disrupt the air ow on the fuselage.
Gill et al. studied the di erence in roughness caused by applying he same laser shock treatment to
inconel 718 with and without thermal coating. As shown in gure [[.18. For a lasershot with a 1.8
mm laser spot with thermal coating, the dimple observed has a diameter o2 mm and a depth of 5.5

m with an homogeneous crater whereas if no coating is used the diameter dfi¢ dimple becomes 2.4
mm and the depth 8.5 m while having and heterogeneous crater. Figurg 1.19 shows the pro ledm
a laser patch with di erent energy conditions. Once again, the use of aliermal coating showed an

increase in the overall surface quality after treatment (from a Ra of 0120 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 psle, 1.8 mm laser
spot equal to 7.7 GW/cm?. (a) with thermal coating consisting of a vinyl tape and (b) without the rmal
coating (Taken from [53]).

Figure 1.19: Surface prole 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 ¢ oating with 3.9 J (Taken
from [53]).

Moreover their work demonstrated that the absence of protective coatig led to potential changes
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in the surface microstructure as well as the apparition of small cracks ear 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=2pE (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 nigsportant parameter is the
pressure produced by a laser shot with de ned parameters. By beip able to accurately represent
the pressure pro le of a laser shot, the other steps of the process came modelled accurately. For
example, the modelling the compressive residual stresses impgad in the material by the process can
be accurately represented if the exact pressure of each shot used fibre treatment is known. Many
studies were conducted in order to evaluate the in uence of di eret laser parameters on the laser
shock peening process. To achieve such an understanding of theomess, 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 erentylse duration an demonstrated
the in uence of this parameter on the apparition of a breakdown plasma. Irdeed, using longer laser
pulse will apply the pressure produced by the shot for a longer durabn and in turn, induces the
resulting compressive residual stresses deeper. However, Buccon guration, as shown before, induces
the apparition of a breakdown plasma at lower laser intensities due tdhe accumulation of photons at
the surface of the treated material for a longer duration. For the treatmert of alloys typically used in
the aerospace industry, a pressure of at least 4 to 6 GPa must be reaaheA 10 ns laser pulse appears

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

The wavelength of the laser chosen is an important parameter for the lasematter interaction but
also for the application of the laser shock peening treatment. The lagewavelength chosen has an

e ect on the following aspects:

" The optical transmission in the polymer con nement.

" The laser-matter interaction yield.

The breakdown plasma initiation.

~

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 indaing the plasma formation,
depending on the absorption of the con nement at the wavelength of the &ser, a consequent fraction
of the incident energy can be lost before reaching the target or even intte a breakdown plasma.
At rst, most of the measurements were made at 1064 or 1053 nm. Later others studs showed the
in uence of smaller wavelengths. The pressures obtained depemtj on laser intensity for shots with
a 1064, 532 and 355 nm laser, corresponding respectively to the rst, secorahd 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 ningnedium will in uence the nal
energy deposited at the surface of the target. A low transparency con nment will allow for less energy
to be deposited at the surface of the target. At the same time, if the Igger 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 examge, the transmission is nearly
100% for a water layer from 1 mm to 10 cm thick with a 355 and 532 nm wavelength. Haever, at
1064 nm the energy absorbed becomes highly dependent on the layer thigss chosen. A 1 mm layer
will allow for 94% of the energy to go through while only 0.2% will pass for a 10 cnthickness. 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 derent 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%
1cm 99.79%
10 cm 97.93%

99.99% 94.12%
99.96% 54.55%
99.64%  0.23%

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

crucial importance. A more detailed transmission curve is given in gue for thickness varying

from1l mto 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 tlis 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, mainlyn two domains:

" The treatment of fan blades of military planes. Thanks to the deeper rsidual stress the results

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

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

Damage) on these types of aircrafts. A fan blade treated by LSP retrieves echanical properties
equivalent or superior to an undamaged part([26]. To avoid material deformatbon a beam splitter

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

deformations [26] (g. [1.23).

In the nuclear industry, Toshiba Corporation developed a system to einforce by laser shock
welded joints of nuclear 304 steel tanks of water pressurised reactor Bject to stress corrosion
(g: 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 wit a YAG green laser
(532 nm, 0.2 J, 10 ns, 10 Hz) and a rotating optic cane allowing transportation of he laser to the
bottom of the tank (30 to 40 meters depth). This method showed good radts 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 samall laser
spot (0.7 mm). The use of the 532 nm laser instead of a near-infrared one issential 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) gaia expected from laser
peening treatment on fan blades (from[[286])

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

1.3.1 Fatigue life enhancement

As shown in gure [L.272 laser shock peening treatment produces subettial fatigue life gains on
the treated parts. This improvement is due to the compressive reidual stresses and strain hardening
imparted in the area treated. Generally the fatigue life behaviour mprovement can be expected to go
as high as 350 to 40% [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 appedix [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 akr a laser peening treatment can
vary from 150 to more than 400% on aluminium alloys. Improvement of up to 412% weg 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 ina@ase described by Correa et al.
after treatment reaches 471%[[7/11]. The di erences of results between aterials are in uenced by the
properties of the alloys treated but also by the laser parameters chosein each of theses studies. For
example, laser peening of AA2024-T351 can lead to improvement ranging from 412% #13% [69] 72]
depending on the set of parameters chosen. Thus multiple parametersan be tuned and modify the
e ciency of the laser peening process on the nal fatigue life behaiour. The pulse duration, the
energy, the overlap, the pulse diameter as well as the peening patte [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 piedreated by laser peening prevent
crack propagation or initiation. As explained before in[1.2.4.1 (g. [1.9) the compessive residual
stress is caused by the surrounding matter pushing the laser shked spot. Thus, potential crack
initiation and propagation is harder to induce. In the case of a pre-exising crack it also slows down

it propagation.

Figure 1.24: Stress corrosion cracking test results on SUS304 alloy (from_[§0]
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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 tte 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 ack formation at the
microscopic level due to the accumulation of localized irreversild slips at the stress concentration sites
(i.e. grain boundaries). The orientation of the crack growth is then didated by the defects present in

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

~ Stage | - 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 matial grain. The
cracks grows along the slip system with the maximum shear stress. Hawver this varies from
grain to grain thus the cracks are tortuous. The stage | crack growth undegoes 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 accutation of irreversible slips.
This induces a plastic area ahead of the crack. The presence of a high anmawf tip slips creates
a high pile up stress. At this point the boundaries o er little resistance and the crack grow

larger.

Stage Il - Large cracks They are tension driven, relatively insensitive to micro-structure and
mostly analyzed by fracture mechanics models. Theses types of craxlpropagate in the normal
direction to the applied stress with a propagation rate of microns per cgle. 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 Bris' law. More information

of the model can be found in appendi D.

1.3.1.4 Stress corrosion cracking resistance

Stress-corrosion cracking (SCC) needs a crack to propagates from. It cdme an already existing
crack in the material, like a defects such as a porosity [76], a weld [77] @ven the result of machining

[78]. In other case the crack is initiated through shock, in the aerospacendustry a common crack
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cause is FOD (Foreign Object Damage), which are generally birds hittiig the plane during service and
causing cracks on the cockpit nose or on the wings and motors[79]. The SCC aaot be dissociated
from the fatigue cracks as it can originate from one. For example, in a plane atigue 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 cawsed by metallurgical
inhomogeneities like inclusions or grain boundaries where oxide Imsloes 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 inteitg factor. Figure [.25]gives an

example of a crack emanating from a corrosion pit.

Figure 1.25: Scanning Electron Microscope (SEM) image showing crack itiation 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 crackomosion of metals. In the
case of steel Sand [81] and Peyre [82] showed that laser peening leads toedtdr 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 actvsites to initiate pitting at lower
potential while when thermal e ects are also at play they are negligibke for SCC susceptibility. Many
material SCC resistance have been studied, from aluminium alloys8B, [84,[85] to titanium alloys

[886,[87] and steels[[88, 89] and found improvement of the SCC behaviour whatewthe treated metal.

1.3.2 Other laser applications

Appart from laser shock peening, many other applications of laser shock arpossible such as:
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" 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 tise coatings with
the main piece need be assessed accurately. Classical tests usedtfmse properties like bond
pull tests [90], bulge test or scratch tests[[91] are not adapted to this tpe of con guration
and assembly and need more samples to produce relevant results compdrto LasAT. The rst
demonstration of LasAT capability was realised by Vossen et al in 19787[92]. Laser Agksion
Test use the laser shock process, a laser pulse is focused at theface of a material to produce a
shockwave inside of the material tested. During the wave propagationre ections at the interfaces
are going to create tensile stress waves. In the case of symmetricdlack, two compressive waves
can cross one another and create a tensile stress at the meeting point. h&se tensile stresses
are used to debond the coatings. By knowing the pressure applied byaeh shots at the point
of interest, it is possible to evaluate the strength of the bond of the fieces. The diagnostic is
realised through rear free surface velocity measurement with a Vetity Interferometer System

for Any Re ector (VISAR)

Paint stripping: It consists in using a laser pulse to destroy surface coatings from gtane
fuselage and other materials. It has been developed since the early 1980s aalibows for the
recycling of some materials like aluminium. The paint on an airplane mus be replaced on
average every four years[]93]. For this reason, the most common use of the paistripping
process is to remove the old paint layers before reapplying new ose It o ers controlled and
accurate performances and has the advantage of being non-contact which mak#ésa solutions
of choice. Some new applications are currently studied and aims at changinthe 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 shockwathat is mechanically
removing the coatings thus avoiding potential surface oxidation and thermal damaging usually

induced by the process[[94].

Laser propulsion: The process was rst proposed in 1972 by Kantrowitz [95] to replace chermal
propulsion to send spacecraft to near earth orbit. In the pulse laser ppulsion a laser pulse is
focused on a target to generate a plasma. The momentum transition occuimg during the process

is impinged by the plasma expansion counterforce exerted at the suate of the target. The main
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advantage of the laser propulsion process compared to propulsion by classihemical fuels is that
a spacecraft using laser propulsion does not need to carry additional &ls or propellant sources

as the propellant is acquired from the target itself thus reducing the launch costs[[95].

1.3.3 Laser peening compared to other peening strategies

Multiple peening process exist, their choice depends on the tsiation, cost, industrial feasibility
and needs. The most used one is still shot peening but new technigs arised through the years such
as ultrasonic peening which is mostly used for the cold treatment of wided structures and based on an
ultrasonic magnetostrictive oscillating system attached to a peenig tool [97]. Another one would be
cavitation peening which uses the collapsing of ultrasonic cavitabn bubbles near a material surface
immersed in liquid thus producing high pressure on the area of irgrest [98]. Water jet peening is also
an alternative, close to cavitation peening as the two of them use pragcted water although cavitation
peening use the bubble collapsing created while water jet peengnuses the water column impact.
Although theses techniques are gaining some traction, they are still maginally used compared to the
classical shot peening since the fatigue results obtained with thosgeatment are less good than with
classic peening, be it in terms of fatigue strength but also in depth aected by the treatment. Fatigue
strength results are given for di erent types of peening technigwes on gure[1.26 for the treatment of

stainless steel.

Figure 1.26: Improvement in fatigue strength of stainless steel by watejet-peening, laser peening,
cavitation peening and shot peening compared with a non-peened spieten (from [98]).
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One of the major advantage of laser shock peening compared to classical pagy is the depth
a ected by the treatment. For laser shock peening, the residual stesses 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%) comparedto 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 &ling systems of the material
and thus generates fewer cross dislocations. Only cyclic hardeningaterials such as 304L and 316L

have their hardness and their level of residual stresses increagath impact repetition.

Overall laser shock peening appears to be a better mechanical treatnt option compared to
shock peening for a material lifetime thanks to the controlled defomation. Indeed, the worse surface
roughness produced through shot peening is detrimental to the redual 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 urfiorm because of the controlled
path of the laser while for shot peening the impacts are random on the treahent 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 usecdhithe 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 enagy 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,dr example in the case of the
treatment of small bore holes, this laminar ow cannot be achieved and this make it impossible to
implement laser shock peening in this type of con guration. In the sme 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 ¢ avoid water to contamination of
the fuel tanks. For cockpit treatment also, the same type of problem arses. 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 watean trigger corrosion phenomena
if a metal has a small scratch or defect. For all of these reasons, nding amlternative 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 alreag 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 ithagion of the concerned
parts. The cockpits and wings presented are highly susceptible taracks initiation and propagation
due to Flying Object Damages (FOD) caused most of the time by birds hiting the plane in altitude
or the inclusion of glasses in the cockpit that induce stress concerdtions. 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 \h polymer con nement: wing
area and cockpit.

Although the con nement used for this work is not the classically used vater, the end result after
treatment aimed are the same. Improved fatigue life behaviour throughhe introduction of compressive
residual stresses at the surface but also in depth of the treated matel are desired. From this, the
crucial parameters for the treatment are the same. The breakdown phemmenon must be avoided in
order to be able to develop a su cient pressure and induce high compessive residual stresses. This
e ect is a ected by both the laser parameters and the con nement parameders. The laser parameters

that can be tuned are the pulse duration, its wavelength and the spot sie (respectively , and ):
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The pulse duration , in uences the breakdown threshold. The longer the pulse durationis, the

lower the breakdown threshold will be.

" The wavelength , also in uences the breakdown threshold. The use of a 1064 nm wavelgth

compared to a 532 nm one will induce a lower breakdown threshold sincile interaction yield

is lower with this wavelength.

The spot size , inuences the edge e ects. The use of a smaller lase spot will induce the

apparition of more edge e ects which can cause tensile residual stress in the treated piece.

The other part of the problem lies in the polymer used as a con ning medum e ect on the laser

shock peening process. Since the choice of the material is not detg@ned 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 optiral 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 peémg 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 aexible adhesive polymer

con nement seems to be a good alternative. It can potentially presenmany advantages:

" 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 woultilide similar to the problems

caused by the water ow management needed in a water con ned regime todep a laminar ow.

Its chemical and mechanical properties can be tailored up to a certain gint to make it more
resistant to the potential damaging caused by the laser. In the same waijts chemical structure

can be modi ed to grant it a better transmission depending on the lase wavelength used.

Similarly, by tuning its mechanical properties, typically by imp roving its Young's modulus
and/or density, the pressure produced could be improved thanks tathe impedance mismatch

phenomenon applied at the transmission of a shock between two mediaée appendiX B)
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" Depending on the way the polymer is made, it could contain multiple byers to incorporate a
thermal coating which also protect the surface of the material treated fom 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 dependingn polymer properties:

" 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 adaptalle to di erent work-piece

geometries.

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 wita calorimeter
(see gure). In order to be sure that this transparency stays high hroughout 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 polymes that stays amorphous

under high pressure and strain rates.

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 adisives (PSA) are a good solution.

More information on this type of material is given in [[.4.3.

1.4 Polymers as con nement

The choice of a polymer to use as a con nement instead of water must be bad on a certain

number of criteria:

~ The polymer chosen should be exible in order to be adaptable to a cured and potentially more

complex surfaces.

" It has to have a good transparency to both the laser wavelengths usedgspectively 532 nm for
the laser used in the laboratory for the characterization and 1064 nm for the laars used for the

treatment and in an industrial setting.
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The con nement should be able to allow the production of pressures igh enough for the laser
shock peening treatment to yield su cient compressive residwal stresses and impart good fatigue

life behaviour improvement into the shocked alloy.

The material should be easily bonded and debonded not to leave any resids in the areas treated

and pollute them.

A high temperature resistance is preferable to limit potential thermal damaging of the con ne-

ment during the laser shock.

In the same way, a high chemical stability is prefered to avoid modcations 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 onts 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 repeateshots is referred as the
incubation process and describes the dependence of the damage threkl uence (given by equation
[1.6) on the number of laser pulses99]. Itis related to an incomplete déspation 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 crystallographichange as well as chemical
modi cation. Figure [.28]gives an example of the decreasing damage threshhirepresented as-, the
laser energy (or uence) necessary to induce damage depending on thember of shots on the same
area in two di erent polymers.

F=— (1.6)
With F the laser uence, E the energy in Joules andS the surface in cn?.

In the case of a polymer that is not fully transparent, the laser energy esults 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 matatishot. The di erent
parameters a ecting the damaging of a polymer under a laser pulse haveden 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 ™ pulse ablation threshold, Ft’;]‘, for polycarbonate and polymethylmetacry-
late as a function of the number of pulses. Solid lines represent ting using the incubation function
given in [100] (taken from [101]).

during photolysis (i.e chemical decomposition under light) [I02/"103] as wWeas by the presence and
size of absorbing inclusion or defects in the material that can act as theeed for further damaging.

The damages induced by these phenomena are dependent on di erent amneters:

" The material type (metal [L04], semiconductor [105], dielectric[[106], efc

" The laser parameters: The wavelength[T107], pulse duratiori [1I08] and reggon rate [LO9] all

have an in uence over the damage threshold

But the underlying processes are the same. In dielectric mateal potentially used as a con nement,
the energy deposition proceeds through multiphotoionisation (sef 1.2.3) and induces damaging. To
de ne the damaging of a material, the common parameter used is the damage or alion threshold
which corresponds to the lowest uence (energy per surface unit)hat 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 treshold are described

by three models:

" The heating inclusion model for thermal damage creation and expansion. Takg into account

the rate of chemical degradation of material depending on the temperaturend the geometrical
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dimension of the impurities.

" The bond breaking model for structural default (i.e bond breaking) acaimulation

~ 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 UlmaniiLL0] and highlights the
role of impurities in the laser damages. An ultimate strain of the shockd 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 inclusios. During heating, if the strain

does not exceeds the ultimate strain, no irreversible modi caton will be induced in the target material.

Manenkov and al. demonstrated that the accumulation of degradation producs is accelerated by a

gradual increase of the mechanochemical reaction rate constant according telation from [111,[112]:

K" exp( (U )=KT) a.7)

With Up 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 iparticularly 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 siz&l and on the laser wavelength:

T Ifd , the heating is negligible because the light absorption is too low by he inclusion and

the heat loss too great into the surrounding environment.

" 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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" If dis 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 thehot material that can lead to
macroscopic damages. With that in mind, knowing the bond strength of thedi 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 wheoaly one shot is enough to
induce damaging due to the lowering of the damage threshold. The minimim time needed to initiate
the nucleation of an elementary defect varies from 10! to 10 ' 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 degndent on the material shot.

Thus equation[1.7 is only valid for F > 0:7Fy, for glasses and crystals whild= > 0:2Fy, for polymers.

1.4.1.3 Coloured center model

The coloured center model or lattice defects model assumes that éhlaser induced damage in a
material are caused by the action of mechanical stress resulting from Enkel'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 assatdd 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 mdel does not need any initial
defect or seed inclusion to be triggered. This has been demonstratday 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 full the maximum of criteria the choice of polymer can be oriented 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 bdighly transparent with
minimum inclusion and high bond strength while being amorphous to avail 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 teat 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 crystalghie 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 exnple a polymer
with a carbon based back-bone chain composed of C-C bonds (with an averag®md energy of 346
kJ/mol [L15]) will be more prone to decomposition under a laser pulse than ailicone polymer with a
Si-O back-bone (average bond energy of 452 kJ/mol[115]). The choice of the polyanof con nement
can be oriented to maximize bond energy in order to obtain more resistare against degradation.
The simplest way would be to use silicones which are notorious for the stability and temperature
resistance. The bond energy can also be taken into account for the choicé# 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 amkent temperature to have
a exible material. The elastomer should be amorphous to limit crystalization 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 inuence on the bond breaking

process under laser irradiation.
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A literature study shows that a category of material that ful | 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 Ims that stick on nealy every surfaces by simple
contact and can be removed without any residue. This type of adhesivesithe most used by consumers
and as such represents a big market. PSAs present multiple advantagdike: instant formation of
a contact with a substrate on touch, permanent tack, easy debonding and niform thickness [116].
However up until recently the comprehension of the mechanisms at wdrin these types of polymers
were not very well understood except by the companies involved ithe manufactures themselves. Even
if PSAs's purpose is to joint two surfaces together, the approach usedsivery di erent that in other
types of adhesives. First they are not used in structural applicatiors like epoxy resins, on the contrary,
they are principally used in non-structural applications. The secord di erence is that PSAs do not
need a chemical reaction to stick to their substrate, they bond wih the surface upon contact. It is
important to note that, as opposed to the term pressure sensitive, tle bonding strength is not really
dependent on the pressure applied on the adhesive. Thanks to thiesof properties, these materials
are easy and safe to use since the user does not have to worry about solvewaporation or curing
parameters. Even though the application is varying compared to other adhsives the principle is the
same. The polymer needs to bond to the surface it is applied on, indemdently of its roughness and
then needs to be able to sustain a certain amount of stress without delnding. A di erence with
more classical adhesives is that the bonding of non-PSA occurs at a liggi state and is then tested
at a solid state after curing by UV radiation, temperature change or chemial reaction. PSAs are
mixing liquid and solid properties since they are soft viscoelast solids. Their properties are obtained
from the hysteresis of the thermodynamic work of adhesion. However here is still a di erence with a
proper hysteresis since here, there is a variation between the ergy used to form the bonds and the
energy dissipated to break them. For short periods of time, only the \&n Der Waals forces are active
in the PSA adhesion process [117, 118]. The drawback associated with tleekinds of materials based
on supramolecular interaction [119] is that their properties need to be mch more nely tuned than

for other types of adhesives, therefore a precise understanding dfi¢ mechanisms involved during the
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process is necessary.

All commercial PSAs are based on polymers, mainly from three families: agtics, styrenic block
copolymers and natural rubbers. Silicones PSAs also exist but are resed 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. ®y are typically made of
natural rubber and low-molecular-weight tackifying resin, miscible with the rubber in nearly equal

proportions.

" Acrylic PSAs: They are the ones that allow the most liberty in term of formulation and opti-
mization. They are generally composed of a copolymer of a long side-chain atic with a low
glass transition combined with a short side-chain acrylic to adjust the Tq and completed with
acrylic acid to improve adhesion and further maximize elongation propeties. Tacki ers can be
added in order to adjust the Ty and to hone the dissipative properties. In case of natural rubber

PSAs, a cross-linking step is generally added after coating to prevercreep [120].

Copolymers PSAs: Styrenic block copolymers adhesives have been the last available ahe
market. The usual material is a blend of styrene-isoprene-styrenéSIS) triblocks and styrene-
isoprene diblocks compounded with a low-molecular-weight but highTy resin based on C5 rings.
The resin is miscible with the isoprene phase but immiscible wh the styrene phase. To obtain
usable properties in these PSAs, the proportion of styrene must be onhie order of 4-12%, the
molecular weight of the styrene block must be above 10-11 kg/mol in order testay immiscible
with the isoprene phase. The weight fraction of polymer in the blend nust vary between 25 to
45%. The use of immiscible phase allows the formation of nanophase-separdtedi ces consti-
tuted of styrene domains dispersed in an isoprene matrix. The presee of these styrenes enables

a physical cross-link, conferring better creep properties to te PSA [121].

Silicone PSAs: They are widely used in medical [122], industrial [128] and tapes for insation
[124]. Multiple advantages justify their use despite their higher co§ good thermal stability,
higher UV transparency and excellent exibility, overall higher capabilities when it comes to
chemical resistance, electrical properties and weathering resence 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 tima. It is thanks to a
BASF scientist, Albrecht Zosel, that a mechanistic approach has beenaalized to understand the PSA
adhesion system as opposed to the empirical approach used up until thatgint [125,[126]. Before, peel
test was used to try to understand the mechanisms involved becausas any other adhesive PSAs need
a certain amount of energy dissipation to separate the two surfaces bonde Peel test, however, is a
little awed because the peel force measured depend on the peelleeity, angle and adhesive thickness
used. A strong coupling between geometry and mechanical propertiesag 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 montored.

(@) (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 éhside) (taken from [127]).

Thanks to this apparatus and further studies, it has been shown that he debonding process is

composed of three main steps described by gurg 1.29a.

" The rst peak corresponds to the formation of cavities growing from the interface. (see gure

F2961).

" The growth of the cavities provokes a loss in force just before the pkteau
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" The expansion of the cavities without coalescing causes the formation dhe brils. (see gure

F2962).

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 jlse needs to be taken into
account. The bril formation does not really have an impact as the plasma epansion 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 pragties: a good degree
of stickiness, a controlled peel force depending on the peel veitcto induce adhesive fracture with
the surface it is linked to and nally a good creep resistance to susin stresses over a long period of
time. Generally, with commercial formulation a compromise needs to k found to balance properties

and price.

To adjust and have a good stickiness on an adhesive, it must be based owlgmers used well above
their Ty (25-45°C above). The Ty should also be as broad as possible to maximize the viscoelastic
dissipation properties at low-modulus end of the glass transition. Ore these speci cations are met,
other parameters can now be tuned like: molecular weight, molecular atdtecture or supramolecular
structure. Another way used to adjust the stickiness is to add othe molecules like tacki ers to the
base polymer. They dilute the entanglement network and thus lower he modulus of the PSA in
the plateau region of the curve shown on gure[ 1.29a. The lowering of the moalus is linked to the
augmentation of the molecular weight of a polymer and allows the adhesive tdorm a good bond
with a surface just by a light pressure. This means the adhesive nmat have a relatively high viscous
component G%f the shear modulus at the test frequency used (10 - 30% of the elastiomponent for
removable PSAs, 100% for the ones exhibiting brils). This condition supposes that the material
will dissipate energy through deformation, meaning a broadening of theG°°peak associated with the
Ty [121]. To control the peel force an adhesive should strain-harden at high Vels of strain. This
property allows the material to induce completely adhesive failurs, leaving no residue on the surface

it was sticking to. Thus, the level of elongation exhibited and how progessive the strain-hardening
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is are key parameters in PSA design[]128]. For homopolymers and random copolynse the degree
of strain hardening is controlled by the choice of a suitable molecular wight distribution and degree
of cross-linking. Typically, PSAs contain between 50 to 70% of insolubler&ction. Finally the creep
properties are also controlled by chemical or physical cross-links. Heever the parameters necessary
to obtain good creep properties and a good peel force are di erent. Dung creep, a shear force is
constantly applied and no brils are formed, the optimum degree of crosdinking is higher than what

would be used to obtain a good peel force.

For the applications targeted, an adhesive failure is preferred not toéave any residue on the surface
treated an simplify the cleaning process. A good way of modulating te properties of interest for the
laser shock peening process will be to play on the cross-linkingf the adhesives chosen. To accompany
the polymer choice, a good understanding of its mechanical propertgeis necessary. The following
section presents a study of the global properties of polymers and more gpi cally elastomers with
viscoelasto-plastic properties under static conditions and high stin 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, dynam 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 moleculamobility with the temperature
(gure . With the increasing temperature the molecular motion alsoincreases and causes a change
in the length and angle of chemical bond thus inducing a rising of the sstem energy. If the chain
mobility is high enough, large-scale rearrangements are possible on a tinsgale of the 10 12 sec order.

A further increase of temperature will cause a fully rubbery behaiour.
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Figure 1.30: Temperature dependence of the rate of molecular movememn ia polymer

Viscoplasticity

Viscoplasticity describes the mechanical response of solids undeinte-dependent plastic strains.

Two main mechanisms are involved in the material rate-dependency:

" Vacancy formation and grain boundary sliding, processes that are usually sidied for creep and

stress relaxation experiments.

~ Slip-induced plastic deformation due to the displacement and muliplication of dislocations

In the case of polymers, viscoplasticity takes place both in crystallie and amorphous phases. In the
crystalline phase, slips are formed while in amorphous phases chaingsaent rotations are observed.
Compared to a classical platicity a viscoplastic phenomenon is similain terms of strain hardening and

elasticity but a viscosity function must be added. The Norton's powe law [129] is usually used and
link the plastic strain rate _, to the applied stress through two temperature-dependent parameters;

(1), the kinematic viscosity of the material and N(ty, a tting parameter.

N(T)
p= — (1.8)

The e ect of strain-hardening on the stress/strain plot of a viscoplastic material is given in gure
[1.3], 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 dung the time of the

experiment.
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Figure 1.31: Stress-strain response at di erent strain rates from an elasmer containing llers (taken
from [130]).

1.4.4.1.1 Stress relaxation

In stress relaxation, a sample stressed by a tensile deformatiory or a shear deformation g is
studied. The decreasing stress is measured as a function of the tam (t) or gy(t) respectively. The
link between the stress and deformation are given by the Young's modulks E (t) and the shear modulus

G(t)

E(t) = ® and G(t) = _sn(®) (1.9)
0 0
The link between the two modulus is also given by:
E(t)=2 1+ (1) 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 trstudy of a material response

at long times (from minutes to days) but are not as accurate for e ects hagening at shorter times (of
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the second order or less). The dynamic tests consist in applying amiisoidal stress or strain to obtain
the short-time range of the studied polymer response. When a viscdistic material is put under a
sinusoidally varying stress, the resulting strain reaches a stegdstate at some point. The strain also
vary sinusoidally with the same angular frequency but retarded in phae by a angle called the loss

angle. If the deformation is sinusoidal the stress and strain are given hy

= osin(!t) (tensile strain) (1.11)

= osin(lt + ) (tensile stress) (2.12)

With:

o : The amplitude of the sinusoidal tensile deformation.

o : The amplitude of the sinusoidal tensile stress (N/m).
I : The angular frequency (rad/s). Itis 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:

= (1.13)

With:
lo : the initial length of the sample

| : the length of the sample after the experiment

Figure 1.32: Sinusoidal strain and stress with phase angle (taken from [1371]).

80



Dynamic modulus

The dynamic modulus is measured via multiple techniques like gnamic mechanical analysis (DMA)
or dielectric relaxation spectroscopy (DRS) by applying a small osclatory stress and measuring the

resulting strain.

" For a purely elastic material the stress and strain are in phase, meanin the response of stress

to strain or the other way around is immediate ( =0)
" For a purely viscous material the strain lag stress by a = =2 phase

" A viscoelastic material exhibit behaviour somewhere in the middé of these two types of material
(0< <= 2.

The behaviour of a linear viscoelastic material is a mix between thaof 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 restitite 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 = G+ iGg® (1.14)

With: GP%the storage modulus andG®the loss modulus

G%= %cos (1.15)
0

G%= sin (1.16)
0

From this it is possible to obtain the loss factortan which represents the dissipated energy during a

loading cycle. The higher thetan , the more energy is dissipated by the material.

tan = — (1.17)
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Since the glass transition is accompanied by a large energy dissipation apk in the tan depending

on the temperature is indicative of the glass transition phenomenon.

1.4.5 Non-linear viscoelastoplasticity

Due to the dierent e ects taking place in viscoelastoplastic materials, most of the properties
exhibited by this class of material are non-linear. The non-linear natue of these e ects imposes
the use of models that take the di erent mechanical response of thesmaterials into account. Two
commonly encountered non-linear e ects are the Mullins and Payne ong used to describe the variation
of the mechanical properties of lled elastomers under low and high stains. 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 viscoéastic 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 dasulating materials [140],
seals[[1411] or shock absorbers through their magnetorheological propertiés [14243]. The key factor
of each of these application lies in the mechanical hysteresis of theastomer used and the associated
energy dissipation. The cause of the energy loss is the transition of anadtomer of interest from a
rubbery state to a glassy state under de ned condition of strain rate, pessure and temperature. If
said condition are met the elastomer goes beyond the rubbery plateau andagts to exhibit a leathery
behaviour to which is associated a large energy dissipation [144]. Thig/pe of e ect can be induced
by high strain rate and/or pressure. In the case of laser shock peeningdih of these solicitation are
present and can induce property changes in the polymer during the las 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 delimt the rubbery regime from
the glassy one and is described as a temperature where a loss of molecutaobility is observed. It
is caused by a loss of thermal energy and an increased molecular packing. fhan 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 transibn temperature depending
on the strain rate and pressure applied is observed. To take into accourihe rate dependent aspect
of the phenomenon, the glass transition temperature can be de ned as theemperature at which the
polymer chains mobility under the stress or strain applied becomesigni cantly slower than the time
scale of the experiment. If this condition is respected the polymechains becomes unable to move
during the time of interest, thus leading to a glassy state since tke chain are 'frozen" [145]. When
an elastomer passes to the glassy state, the mechanical energy absorptiorcieases drastically. The
mechanical properties also evolve. In the case of a rubber, the Youngimodulus goes from tens of
MPas to the GPa order. Multiple experiments exist to study material under a broad range of strain
rates, from 10 & s 1 with creep experiment to 16 s ! in the case of some shock§ [146]. The classical
experiment used to obtain the behaviour of materials under high stram rate is the Hopkinson bar test
(< 10° s 1) [147,[148]. Laser shock produces strain rates even higher (10° 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 [14€]).

1.4.6.2 Pressure e ect

The e ect of pressure on the dynamic glass transition have been studid by Zoller [149,[150] who

found a linear correlation between the glass transition temperature andhe pressure applied:

Tg(P) = Tg(0) + sgP (1.18)
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Sg represents the shift in glass transition temperature per MPa of presure applied. For example
the averagesy = 0:23 K.MPa ! for polystyrene means that and increase of 4 MPa will shifts the
Ty by around 1 °C. More values for di erent polymers were given by Aharoni [151] and are repded
in table IL.2:

Table 1.2: Changes inTy of some amorphous and semi-crystalline polymers as function of applied
pressure (taken from [152]).

Tg (°C) P Tg (°C) Sg

Polymer (at 1 atm) (MPa) (atP 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 techmgues (100 s ! for DMA and
higher than 10° s ! for DRS. The di erence with laser shock experiment which prodwces deformation
of the 1P s ! range is that during laser shock, the strain is considerably higher thn 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 wite 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 ghss transition temperature

of amorphous Poly(ethylen-vinyl acetate) (PVAc) [153]. The results shav a shift of the Ty to higher
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temperature along the increase of the strain rate. (from -10°Cat _=10 's 'to 60°Cat =

10° s 1.

Figure 1.34: 3-D plot from a DRS analysis for EVA70: dielectric loss () versus frequency (f) and
temperature (T) (taken from [L53]).

Time-Temperature Superposition

The Time-Temperature Superposition (TTS) is used to describe he viscoelastic behaviour of linear
polymers over a broad range of times. Mechanical experiments such as DMor DRS are realised at
a set frequency and di erent temperatures. Each curve is then tanslated by a factoray to produce
a mastercurve that covers a wide range of frequencies. The shift fear is expressed by using an

Arrhenius equation and the Williams-Landel-Ferry (WLF) equation [L54].

Ci(T i)

Cr(T T 9

log(ar) =

With:
T : the temperature

T, : the reference temperature chosen for the master curv€, and C, : 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 peéng (  10° s 1). It can
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(@) (b)

Figure 1.35: (a) Segments of shear relaxation modulus at di erent temperatres, (b) master surve of
shear relaxation modulus at reference temperature for Polyamide-6 éken from [155]).

also be used the other way around to predict the behaviour of a viscdastic polymer at really low
temperature by doing experiments at high frequency. Although the ug of DRS compared to DMA
appears to be largely preferable considering its extensive freqoey 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 ¢ treat the data and
extrapolate the results to an even higher range of frequency and tempature [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 motkeare often used. These model
are able to describe the behaviour of a material at large strains. A pletbra 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[1.8:
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Table 1.3: List of hyperelastic models sorted by their year of publicaton and number of material
parameters (partially taken from [158]).

Model Year Number of material parameters Reference
Mooney 1940 2 [1509]
Neo-Hookean 1943 1 [160, 161]
3-chains 1943 2 [162]
Ishihara 1951 3 [16B]
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 [178B]
Shari 2000 5 [179]
Micro-sphere 2004 5 [180]
Khajehsaied 2013 3 [181]
Kelce 2020 2 [182]

Usually the most used ones are the Neo-Hookean, Mooney-Rivlin, Ogden and Arda-Boyce models
as their are implanted in most Finite Element Modelling (FEM) softwares. Figure[1.3p gives an

example of the t between experimental data and simulated ones with he 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 ory one con guration
accessible to the glass or that the energy needed to pass to another con gation 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 clasde nition of polymer under

glassy state is that its chains are frozen so the position of each atoms stay®nstant over any time
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Figure 1.36: Results of simulations using the eight chain model versudata in uniaxial extension,
biaxial extension and shear (taken from[[174]).

interval even if in practice a glass is considered to be a material in anetastable state but with a
needed time to rearrange itself far too big to be taken into account. e rigidity of a glassy structure
steams from van der Waals and dipolar forces between neighbouring chainsupled with intramolecular
forces. These forces block the rotation of backbone bonds thus increagi the segments over which
intermolecular forces can act by blocking rearrangements. Some modekxist 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 reed to include an elastic part
at the beginning of the loading and then a plastic part when the pressue and strain rate go up. The
relaxation time of the polymer chains would also be needed to accuratelyepresent the deformation
of an hyperelastic material under these speci ¢ conditions. No modehas 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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n nemen lymer pr rties:
Con nement polymer properties Laser parameters:

~

Good pressure produced ( 4

GPa) Laser spot6 1 mm

. . " No thermal in
Good optical transmission © thermal coating

~

Easy bonding/debonding Fiber transportation

~ Flexible 1064 nm

Thermally resistant 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 piocess, 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 thprocess with polymer con nement
necessitate an understanding of its behaviour under shock to optimae the process. The di erent tools

and apparatus used for these characterizations and experiments are degxed in the next chapter.
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Introduction

This chapter describes the di erent materials, diagnostics and toos used for the di erent exper-
iments realised during this PhD work. First, the two dierent | asers used for the laser shots are
presented and described followed by a presentation of the measuremt of their typical laser spot,
pulse duration and energy measurements. In a second part, the veldgiinterferometer 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 anch¢ 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 technigs. The next part presents
the numerical tools used for the simulation of the backface velocity po les collected with the VISAR
measurements. The description covers the target geometry and boundgrconditions, 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 dielecic relaxation spectroscopy is given com-
pleted with the Hariliak-Negami and Vogel-Fulcher-Tammann equations use for the data treatment.
To nish, the chapter nal part describes the residual stress measirements 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 Hephestos

Hephaestos facility at PIMM laboratory (Laboratory for Processes and Engineering in Materials
and Mechanics, Paris, France). The laser is a Ga HP laser from THALES (Elancourt, France) and
is composed of two Nd:YAG synchronised lasers. Both lasers have a wdgagth of 532 nm and deliver
each up to 7 J of energy with a Gaussian temporal prole showing a Full Wdth Half Maximum
(FWHM) of 7 ns.
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Figure 2.1: Gaa HP laser used in the Hephastos facility.

2.1.1.2 Thea

The Theea laser is a Nd:YAG diode-pumped solid-state laser from Thales (Elacourt, France)
working at a wavelength of 1064 nm. The energy delivered can go up 1 J with &aussian 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: Thea laser used in the Hephastos facility.
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2.1.2 Laser spot

An accurate measurement of the laser spot size is crucial for the laser sbk 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 lasetensity 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 preseer of surintensity, a breakdown
plasma can be triggered at laser intensities lower than the breakdownhreshold, the treatment can
also be a ected with large spots since the applied pressure resuttg 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 spt size. Thanks to this, using laser
spot sizes inferior to 1 mm does not necessitate the use of a Diracte 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 der the focusing lens.
This type of lens is manufactured to have beam shaping properties wile allowing the incident laser
to retain its di erent properties such as beam size, polarization or waelength. Figure[2.4 gives an
example of the di erence obtained with and without using a DOE on the Hephaestos platform for

fairly large spot.

To obtain the image of the laser spot a camera (Basler acA2040-25gm/ gc, Monochrome MDS
1" with a Pixel Size of 5,5 m 05,5 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 thgop of the focusing lens and
before the camera entry. The last density also serves as a Iter forlie ambient light that could bring
noise on the images. The measurement on the Thka laser were done only with the use of a DOE.

Figure [2.3¢ gives the laser spot pro le used for the shot with a laser spotize of 1.2 mm.

2.1.3 Pulse duration measurement

The duration of the laser pulse used has an in uence on the mechanical pperties imparted in
the material shocked. A longer pulse will induce a deeper plasti ation but will also have a lower

breakdown threshold which will limit the maximum pressure produced by the laser shock process
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(©)

Figure 2.3: Laser spot pro le obtained by direct camera measurement, 2D pr les are extracted with
ImageJ software [186]. (a) Laser spot on the Hephestos laser without the use of a DOE. (b) Laser
spot on the Hephasstos laser with a DOE. (c) Laser spot with a DOE on the Theea laser.

(see/1.2.2 and 1.2.3|1). The measurement of the pulse duration is done with photodiode (Thorlabs

DET10A1) located on the path of the laser before focalisation. The experimet was done on the
Hephaestos laser with one of the two beams and both of them to compare. The pulsduration was

calculated at the Full Width at Half Maximum (FWHM).

The measured pulse duration was 7 ns, the measurements were made at kahot to take into

97



CHAPTER 2. MATERIALS AND METHODS

(@) (b) (c)

Figure 2.4: Laser pulse measured by photodiode on Hephatos 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 mainenance. The laser intensity
did not have an inuence on the pulse duration measured as normalized mrles at di erent laser
intensities gave the same duration. In the case of the Thea laser, two di erent pulse durations were
used, respectively 9 and 21 ns to study the in uence of this paramedr 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 thassociated software piloting the
laser. The measurement is done by an internal calorimeter inside of #nlaser so the values given do not
take into account the optic path loss associated with the re ections of he 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, errgy measurements are
realised directly on the target after all optics. The energy is measureé on the whole range of energy
of the laser. Figure[2.% give an example of a calibration on the laser with a spe of 0.914. A  10%

correction is observed.

2.2 VISAR

Laser interferometry is a technique of choice to obtain the velocityersus time of a shocked object.
The con guration usually used uses a laser beam re ected on the mirroded surface of the shocked
target. The laser shock induces a small shift in the laser wavelent The re ected beam is separated

in two, one part is delayed by a Michelson interferometer before beig recombined with the other. It
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Figure 2.5: Result of the energy calibration showing the di erence baveen the energy given by the
laser software and the energy calculated at the surface of the material sloked for beam A of the
Hephaestos 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 countf (t) to the target's surface velocity u(t % ) following the equation

given by Barker [187].

u % )= oy I:=(t3))(1+ ) (2.1)
With:
t: the time.
. the wavelength of the laser.
(1+ = p): a correction for the index-of-refraction variation with the shock stress if a transparent
'‘Window" material is used. If none isused = ¢=0.

(1 + ): a correction factor which is a function of the refraction index of the d¢alon 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 badace 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 vhere di cult to study up to the

apparition of the VISAR (Velocity Interferometer System for Any Re ec tor) [L88].

This system allowed for the use of a di use specimen surface thankotthe 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 insensitivi@ 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 ligh by a phase angle of 90

compared to the S component. This leads to a circular polarization on the aslloscope as shown of

9. 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 90out-of-phase is very important because if
the interferometer's output light intensity | 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 wavedl=dF = 0) a slight change
in the fringe count will not be noticeable. By having a 9C° 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 shifof a laser wavelength on

the backface of a target moved by a shockwave. This shockwave is tralling through the thin target

100



from the front face of the material where the laser shock created a plasanrelease which produced a

shockwave. The speed of the backface is linked to the wavelengttnit following:

u(t)

()= o 2=~ (2.2)
With:
" o: The initial wavelength of the probe laser (in this case 532 nm)
~ u(t): The material speed in function of the time
" ¢ The speed of light
The fringe scrolling F (t) produced by the interferometer is linked to the speed followi:
u(t) = KiF (1) (2.3)

~

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 itselfrefelcted at a time t . Each

fringe corresponds to a predetermined increment of spee .

A~

F (t): The fringe count

The fringe factor can also be linked directly to the initial laser wawelength ¢ and the delay

which is directly linked to the length of the etalon standard used:

K = ?0 (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 catbns from
Tollier [190, [191]. The VISAR's setup is given in gure. [2.]. The system is corposed of a VERDI
probe laser (5W, 532 nm). This laser is re ected at the surface of the targeand 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 sentithe 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 timet. 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 ithe 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 vaves 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 througha Python code called PVisar. An example of signals obtainedis given in gure. P.8d.

The result obtained once the data are treated through PVisar is given in gure. [2.80. The two
main peaks show the wave going back and forth in the material shocked wia the rst one near O ns

is the photodiode seeing the laser pulse.
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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 intsity of 2.08 GW/cm?2.
(b) Free surface speed pro le corresponding to the signals shown ita).

2.2.4 Advantages over other measurement techniques

Apart from VISAR other methods can be used to measure the backface speed af target after
a shock. Two main methods were used before the VISAR, namely the PVDFEaptor and the EMV

gauge.

" The PVDF captor is a piezoelectric captor. It has a stronger response thn a classical quartz
piezoelectric. The drawback of this type of captor lies in that it hasto be in contact with the

shocked target. The pressure measured by this type of captor is alsinlited to around 13 GPa.

The EMV gauge is another option but the electromagnetic eld is dicult 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 techrug when it comes to

backface speed acquisition during laser shock.

" Cons: The target needs to di use the light. The signals obtained need @ be post processed in
order to be of use. The probe laser can in some cases (when working witpaxy 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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" Pros: VISAR measurement is a non-contact method which only depends orhe target properties
and with no pressure measurement limit as long as the length of the etah 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 confonting the results obtained with
the nite element modelling associated but also to extract suppementary 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 th shocked material. For all the
simulation, an axisymmetric model was used in order to reduce the coputation 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 durm 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 quadlateral, reduced inte-
gration, hourglass control) elements except for the residual stressesmulation where in nite elements
were also used outside of the interest area to avoid the shockwave ggi back and forth. In this case
the elements chosen were CINAX4 (4-node linear axisymmetric one-wain 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 calcdation. 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. Figte[2.9 shows the typical geometry of
a target used for the simulation of the laser shock peening process.igure [2.10 gives a typical mesh

used for the nite element modelling of a single pulse laser shochrocess.
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Figure 2.9: (a) typical target geometry used for LSP simulation, (b) 2D axisynmmetric 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 prole

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 5,5m 05,5 m). The lter
used was the Butterworth Iter from python [193, 194]. The Itering is us ed to avoid errors during
the calculations as with the local oscillations observed at the top of a clasc laser spot pro le that
can induce multiple pressure in one cell causing the calculation t@rash. 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 jusfying the approximation. Figure

[2.12 shows the di erence between a laser spatial pro le before and afteltering for a 1 mm spot.
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(@) (b)

Figure 2.11: (a) non Itered 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
Iter through a Python code and used for the simulation.

2.3.2.2 Pressure prole

The pressure pro les used for the simulations were either generatefrom a VDLOAD subroutine at
the beginning of the PhD work or through a Python code using the one deveped M. Scius-Bertrand et
al. in [195] for laser irradiationat 532 and 1053 nm. The pressure pro les generatefrom 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 normalizatios close to the one obtained
after varying the loading by inverse method. For each shot a pressurgro le is generated and the
loading adapted to be able to accurately reproduce the back face veldyipro le. Figure 2.12]shows
a typical pressure pro le generated through the Python code for a 7 ns Ell 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
[2.123 uses the Hephestos laser which produces Gaussian pulses while the GCLT laser &g in the

study for the code uses Top-Hat pulses.
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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 Pyhon code for a 7 ns, 1053 nm,
4.05 GW/cm?2 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 alunmium (99.0%) and aluminium
7175-T7351. The polymers modelled were epoxies. The values for the siratibns were either obtained
from previous studies realised by other researchers and post-doc oiirdctly taken from Abaqus or
material characterization. For the epoxies, general values were takerhe same way but are subject to

more possible errors as the diversity or epoxies is broad with varyinfoung's modulus and densities.
2.3.3.1 Elasto-plastic

An elasto-plastic model is an easy-way to represent the behaviour of etallic material under laser
shock since the loading is considered uniaxial. The model is consiied of few parameters, in this case
only four: the Young's modulus E, the density , the Poisson's coe cient and the yield stress vy to
represent the behaviour of the material modelled under loading. Trs type of model by itself induces

some error compared to the others presented after and moreso when theye coupled together.
2.3.3.2 Jonhson-Cook

The Jonhson-Cook constitutive law is classically used to describé&aser 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 irFinite 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 argenerally easily available
and if not, can be obtained through multiple experiments: torsion test 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 yeld strength ) with the

equation:

T To m
=( y+B3}]) 1+Cln = 1 — (2.5)
Y P 0 Tmelt To

With:

y. Yield stress _. Strain rate during the experiment

B: Strain hardening modulus o. Reference strain rate

p: Equivalent plastic deformation To: Room temperature

n: Hardening coe cient Tmelt - Fusion temperature

C: Strain rate sensitivity 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 modeling of this manuscript. Pre-
liminary simulation were made in [196] and showed that the local temperatire increase caused by the
plastic deformation and the shockwave propagation did not have a noticeald in uence on the backface

velocity pro le results obtained from the modelling.

2.3.3.3 Mie-Gruneisen equation of state

The Mie-Gruneisen equation of state is an equation of state that link presure and volume in a
solid at a de ned temperature. It is generally used in a solid to deteémine the pressure during a shock.
The equation stem from the Graneisen model used to describe the e ect of a crystal lattice volme

variation on its vibrationnal properties. The basic Mie-Gruneisen equation is as follow:
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d
di; . (2.6)
With:
: The Greineisen parameter, representing the thermal pressure from a seif vibrating atoms.
V: Volume
P: Pressure

e: Internal energy

With the assumption that is independent fromp and e the Greneisen model can be integrated to

obtain:

P Po= (e &) (2.7)

With:
po: Pressure at a reference state (T = 0 K)

€. Energy at a reference state (T = 0 K)

With this assumption, the value of pg and ey 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 egtions:

1
Enw Eo= E(PH + Po)(Mo V) (2.8)
Py Po = oUsUp (29)
(UsUp) = oUs (2.10)

With:
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E: the specifc internal energy up: the particle velocity
P: the pressure : the density
V: the volume

Us: the shockwave velocity

The relation between the shockwave velocityus and the particle velocity up can be expressed linearly

by:

us= Co+ Sup (2.11)

With Cy the sound velocity, meaning the speed of an elastic wave in the matel and S the
Hugoniot constant speci ¢ to the material. The particle velocity uy, is obtained through the maximum
speed of a backface pro le measured with a VISAR while the shockwaveelocity us is extracted from
the same backface velocity pro le by calculating the time between wo peaks corresponding to the
shockwave going back and forth in the material shocked. Databases of matat parameters exist for

the Mie-Grunessen equation of state and can be found al197,"198]

2.4 Material characterization

2.4.1 Infra-Red spectroscopy

Infra-red (IR) spectroscopy consists in identifying the energy &vel 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 is a good way of monitoring the
polymer damaging via the reduction or apparition of certain bands, characteistic of broken bonds and
the new groups attaching to them. Each molecule absorbs frequenciebaracteristic of their structure.
When the IR radiation frequency is equal to the frequency of a chengal bond, the molecule absorbs
the radiation, causing a band on the IR spectra. The information obtained & the transmitted light

which allows the calculation of the transmitted energy at a speci ¢ warenumber.
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2.4.2 Dielectric relaxation spectroscopy

The Dielectric Relaxation Spectroscopy (DRS) experiments weregalised with an Alpha Analyzer
from Novocontrol Technologies GmbH while the temperature was controlld with a stability of 0.5°C
with a Quatro Cryosystem (Novocontrol Technologies GmbH). The experements were realised at GPM
(Groupe de Physique des Matriaux) at university of Rouen by Cement Fosse who also did the tting
of the plots. The experiment under pressure was performed by Abdoalye Soumaila Sounakoye. The
experiment were used as a mean to obtain information on the strain rate angressure 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 dielegt 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:

(ty= 9 j (2.12)

I represents the angular pulsation [ =2 f with f the frequency). A peak in the imaginary part
of the permittivity ~ %‘is characteristic of the dynamic glass transition that induces segmeratl relaxation
of the chains. Another way to represent the dynamic glass transition ighrough the calculation of the
loss factor using:

tan =

00
- (2.13)

In practice the DRS apparatus is going to measure the complex impedanc& of the system
studied. The measured value will be the intensityl ¢ at same frequency [ ) than Uy but with a phase
angle .

zZ = — (2.14)

With U = Ugand!| = 1%+ il 9 The two components of the complex intensity are then determined

with the intensity 1 obtained from the measurement at a phase angle:

| O
lo= 102+ |0@ (2.15)
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|00

tan = 7o (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 : 00— [
e A (2.17)

With Cq the initial capacity of the system without any sample in the apparatus. The real and

imaginary parts of the permittivity are determined with:

0= | + 15+|7212 (2.18)
( )!
= v (2.19)

The complex permittivity is also obtained directly from the Debye relaxation:

)= 1+ T3 (2.20)

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[2.1B shows an example of the datthat 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 onthe molecular mobility under

high strain rates up to 2.1 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 GbhH with a

frequency range going from 10% to 2.10° Hz. The samples were 20 mm wide round and 500m thick
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Figure 2.13: 3-D plot from DRS analysis for EVA70: dielectric loss (°§ versus frequency {) and
temperature (T) (Taken from [153]).

pellets. The samples were placed between parallel fold electrosle The temperature was controlled
with a Quatro Cryosystem from Novocontrol technologies GmbH with an accuacy of 0.5°C. The
equipment can go up to 18* Hz but would necessitate a setup change so the measurement have been

stopped at 2.1¢ Hz to avoid setup changes. Figuré 2.14 shows a classic DRS apparatus scleem

Figure 2.14: Schema of the DRS setup with the Alpha Analizer from novocotmol 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 frequencis, the Havriliak-Negami
model is used[[156]. It is an extension of the Debye relaxation equation ¢& equation[2.2D) used for
the description of the relaxation of polymers that takes into account theasymmetry of the permittivity

peaks.

)= 1+ —— (2.21)
1+(it )

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.

To
T To

max = 0 €Xp (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 temperatres close to the glass transition
and is dened 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]:

_ dlog( max)

dTe=T) 11, (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 (segure
n =2dsin (2.24)
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Figure 2.15: Temperature dependence of the glass transition temperatertime for PVAc and EVA
copolymers (from [153]).

With:
n : the diraction order

. the wavelength of the cathode (here Cr cathode so = 2.291 A)
d : interplanar spacing

. the scattering angle

Figure 2.16: Bragg diraction. 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 paraneter 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 ":

o _ Ona diy

(2.25)
deI

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 uniaal stress hypothesis is

used) it is possible to assume that'* = "Y. The stress calculation is then realised using:

. E .
| - (1] nXx ny nz
T+ T3 "+ + ) (2.26)

With i the direction in which the stress is calculated. The sid() method is then used. It consists in
sweeping a angle and record the broadening of the di raction peak caused by the plastcation 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:

C = IS5 Asinf()+ oS TESi( K+ Ve Y (2.27)

Finally, the slope and intercept of " depending on sif() gives the stress by linear combination.
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Introduction

This chapter presents the di erent parameters in this speci ¢ study that can in uence the laser
shock process. A rst part describes the synthesis and choice ohe con nement with transmission
and pressure measurements realised for di erent polymer con ningnaterials. Other pressure measure-
ments are then presented with di erent varying parameters such aghe laser wavelength, the Young's
modulus of the con ning layer, the adhesive properties , chemicatomposition of the con nement. An
extensive study of the con nement material thickness is also reatied and details the e ects induced
as well as the damaging depending of the con nement depending on its tbkness. Lastly, the chapter
closes on residual stresses measurements compared to the resultgaifed 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.

Synthese et choix du con nement

De multiples con nements ontek evaltes dans le but de dcete rminer leur transmission optique,
leurs proprees adlesives et leur capacie a produire une pression su sante quand utilisess comme
con nement pour le proede LSP. Des silicones, epoxys et des pgheres acryliques ontetetudes en
paralele de I'eau classiqguement utili'ee comme con neur et utlisse comme egrence pour la pression
maximale produite par un choc laser. Six con nements dierents sont ici pesenes dans cette partie
peliminaire a n d'en montrer les pressions maximales atteignables Les trois con nement de la famille
des silicones sont: un polydinethylsiloxane fourni par Nicolas GayJle vDT-431 choisi pour ses bonnes
proprees adlesives et le Sylgard184 pour ses proprees necaniques et optiques stables. Dans l'iceal,
le con nement choisia l'issue de cetteetape de slection doit possder toutes les proprees pesenees

dans le cahier des charges donrea la n du chapitre | [1.5).

Syntrese des polyneres

Les dierents polyrreres utiliees pour les applications de choc laser ontek soit directement achees
a un fournisseur commercial, soit syntteti®es au laboratoire PIMM . Le polynere acrylique aet achee
a la socet Coroplast alors que les autres polymeres decrits plus haut ontee syntteties au laboratoire

par une eaction entre une base et un durcisseur.
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Dans le cas desepoxys , le makriau pesent (gure est un test eali® pour des mesures
de transmission optique. En e et, contrairement aux autres con nements, lepoxy ne possde pas de
propreees adtesives une fois la eticulation termiree. D e ce fait, les cibles con res avec unepoxy ont
dues &tre eticukes directement sur les cibles aluminiun utili’es pour les exgeriences de choc laser.
Cette nethode induit I'apparition de contraintes esiduelles a l'interface epoxy/cible aluminium. Ce
prenonrene n'induit pas d'e ets notables sur les esultats des exgeriences de tira I'exception d'une
certaines sensibilie desechantillonsa une sparation de I'assemblage si lechantillon n'est pas mane
soigneusement. Un cas speci que concerne le polycarbonate (PC) utée dans le chapitre 4, qui a
et directement eticuk sur la cible aluminium par le biai s d'une presse chau ante, provoquant une
grande sensibile de lechantillon au decollage du fait de sa faibleepaisseur et des contraintes esiduelles

provoglees par la eticulation sur cible.

Mesures de transmission denergie

Les mesures de transmission optiquese sur les polyneres de conment ontet eali®e en plecant
un calorinetre (QE50LP-H-MB-QED, Gentec) sous le porteechantill on utili® dans les experiences
VISAR. La transmission denergieaet calcuke en utilisant la plus faibleenergie laser possible tout
en placant le calorinetre le plus loin possible du point focal du lase dans le but de epartir lenergie
laser sur le calorinetre et eduire son possible endommagement. La msure aet eali®e avec et
sans polyrere de con nement sur le chemin optique. La gure[3.2 monte le montage utilie pour les

mesures.

Les mesures de transmission optique ontee ealie sur I'eau etles dierents con nements polyrere.
Chaque mesureaet epeee plusieurs an de garantir la stab ilie et la epetabilie de I'experience.
Les donrees obtenues montrent un comportement dierent entre I'eau et le con nement acryliqguea
1064 nm. Au lieu d'une diminution de la transmission optique en passant une longeur d'onde laser
de 1064 nm au lieu de 532 nm, une egre augentation de la transmission estbtenue alors qu'une
diminution est obsenee dans le cas de I'eau. De ce fait, les pressis maximales produites par le
con nement acryliqgue devraient augmenter egerement lors d'un passage d'une longeur d'onde laser de
532a 1064 nm contrairementa l'eau qui voit sa transmission optique ceaoitre Egerement lors d'une
telle modi cation de longueur d'onde. Le tableau[3.1 donne un ecapitulatif des donrees obtenues par

les mesures de transmission sur les dierents magriaux de connement.
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En partant de ces esultats, les pressions maximales produites a532 nm avec le con nement
acrylique devraient étre egerement plus basse que celle prduites avec le egime con re eau (respec-
tivement  90% de transmission contre 100% avec I'eau). A linverse les esultatattendusa 1064
nm devraient etre equivalents du fait des transmissions egales & I'eau et con nement acrylique a
1064 nm. Cette hypottese n'est cependant valide que dans le cas ou seutette transmission optique
intervient dans le processus et ou les modes d'interaction lasenatere sont les mémes entre les deux

con nements.

Mesures de pression

Pour ceterminer un con nement qui sera utilie pour le proe & de laser shock peening dans un
cadre industriel et pour la caracerisation de l'interaction laser-matere en egime con re par polyrere,
les dierents polyneres pesents pecedemment ontet eevalles par des mesures VISAR a n d'obtenir
les pressions maximales produites en les utilisant comme con nemepour des exgeriences de choc
laser. Les pressions ontet extraites des pro Is de vitesse en facarrere par la methode de simulation
numrerique pesenee dans la partie .3 Tous les tirs ontee eali®s sur des cibles d'aluminium 99.0%
d'l mm depaisseur avec une tache laser de 3 mma 532 nm et une due d'impulsion de 7 ns sur le

laser Gaa HP de la plateforme Hephaestos. Les esultats des mesures de pression sont donres dans la
gure 8.3

Les esultats montrent que les dierents con nements ne permettent pas tous de produire des
pressionsegales lors d'un choc laser. De plus, toutes les courbesyyent étre paees en deux parties.
Dans un premier temps, la pression maximale augmente avec l'inteits laser de manere quasiment
lireaire puis atteint un seuil auquel la pression sature. Cette ceuxeme partie de courbe correspond au
cteclenchement d'un plasma de claguagea la surface ou dans le matsu de con nement. Les pressions
maximales et les seuils de claquages des dierents matriaux de conementetudes sont donrees dans
le tableau[3.1. Avec ces informations, il est alors possible de esumees$ perfomances des dierents

con nements polymneres en fonction de leur famille:

L'eau produit les plus hautes pressionsa toutes les intensiedaseretudees. Le plenonene de

claquage apparaita 7.0 GW/cm? et la pression maximale atteinte est de 7.0 GPa.

Le con nement acryligue donne des esultatsequivalents au egime con re par eau. Le plasma
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de claquage se declenche aussia 7.0 GW/cr et est coupka une pression maximale produite
de 7.6 GPa. Bien que la pression produitea cette intensie sgci que soit plus haute que celle
produite par l'eau, les pressions globalement extraites sontequizlentes ou tes egrement in-
Erieures au egime con re par eau. Les pressions obtenuesa partr du seuil de claquage ne sont
pas prises en compte puisqu'instablesa cause lenergie incidge amereea la cible qui n'est plus

pecisement connue.

Lepoxy utilise comme con nement permet l'obtention de bons e sultats en terme de pressions
maximales produites mais aussi en terme de seuil de claquage bien gleau et 'acrylate reste
meilleurs. La pressions maximale produite atteint 5.3 GPa pour une ntensie laser de 5.6

GW/cm 2, intensiea laquelle le seuil de claquage estegalement atteint

Les silicones donnent tous les trois des esultats similaires, iafieursa ceux obtenus avec les
autres types de con nements. En fonction du type de silicone, le sél de claguage varie entre
3.7 et 5.5 GW.cn? avec des pressions maximales comprises entre 4.1 et 4.7 GPa. Cesikats
sont en partie disa la transmission optique plus basse de ces polgmes compaesa l'acrylate et
a lepoxy. Le Sylgard184, qui possde la plus haute transmission optgue (90% contre 82% pour

le PDMS) produit les plus hautes pressions des trois siliconedades.

Bien que l'eau et le con nement acrylate sortent du lot en terme de pe€ormances, les autres
polyneresetudes produisent eux aussi des pressions su samment hautes pour envisager le traitement
de maeriaux geroanautique par choc laser en les utilisant comme connement. Le tableau[3.] donne
un ecapitulatif des seuils de claquage et des pressions maximalesquuites par chaque con nement.
En consicerant les esultats obtenus avec les maeriaux polyneres teses, le con nement acrylique
apparat comme le plus adapta une utilisation comme con neur pour une application en laser shock
peening de manere industrielle. Pour cette raisonn, ce makrau est aussi choisis pour des exgeriences
de caracerisations compementaires. De la méme manere, lepoxy ainsi que le Sylgard184 sont aussi
choisi pour des experiences compkementaires du fait de la possilie de les synttetiser au laboratoire et
d'en faire varier certaines proprees. En utilisant ces deux autres polyneres, uneetude sur I'in uence
du module d'Young ainsi que sur les e ets depaisseur et de propees adlesives sur le proedc 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 perfanances as well as their optical
transmission and bonding properties. Silicones, acrylate based polyens and epoxies were studied in
parallel of water used as a reference for the maximum pressure proded 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 dierent types of con nement. Thethree 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 pregies from mechanical
to optical ones. Ideally the nal chosen con nement will have all the needed properties presented at

the end of chapter | (1.5).

3.1.1 Polymer synthesis

The di erent polymers used as con nement for the laser shock appliation 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 epoxsgnd nal result of the
syntheses.

In the case of the epoxy, the material presented is only a test realexl 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 epxy 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 duringts cross-linking which lead to
residual stresses at the interface target/epoxy. This phenomenon de&s 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 specc 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, tb rst step is to be able
to accurately measure the laser energy brought to the surface of the maliic target. To do that, the

optical transmission of the di erent polymers used as con nement ned to be measured.

3.1.2.1 Energy transmission measurement

The optical transmission measurement on the polymer con nement is ralised by placing a calorime-
ter (QE5S0LP-H-MB-QED, Gentec) under the sample holder used for the &periments. The transmis-
sion is calculated using the lowest possible laser energy while piag the calorimeter the farthest away
from the focal point to di use the energy of the maximum surface of the @lorimeter to avoid any
damaging of the device. The energy received is recorded with and witut the con nement on the

laser path. Figure[3.2 shows the transmission setup used for the char&ization of the con nements.

Transmission measurements were performed on the water and polymer corements. Each mea-
surement was done multiple time to ensure the stability and repeaability 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 dimirtion of the optical trans-
mission with the wavelength change, a slight increase was observed ah subjected to an infra-red
irradiation. This should lead to a pressure production equivalent ketween water and the acrylate tape
con nement under the two wavelengths. Even slightly higher presures should be observed from the
polymer con nement when shot witha 1 m range laser. Tablg 3.1 gives a recap of the results obtained

with the experiments.
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(@) (b)

Figure 3.2: (a) Schema of the transmission setup used on the Heplstos laser for the optical transmis-
sion characterization of the polymer con nements. (b) photo of the setyp on the Hephaestos platform.

From these results the pressure produced at 532 nm should be sligitlower with the polymer
than with water as con nement since around 10% of the incident laser enggy is lost when the laser
goes through the polymers compared to water. The results expecteddm 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 lagr 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 Whiusing them instead of the
classical water con nement under laser shock con guration. The pressre was obtained following the
method of numerical simulation method described if.2.B. All of the shos were realised on 1 mm thick
99.0% aluminium with a 3 mm laser spot size on the 532 nm, 7 ns pulse duratigrisaa HP laser from
the Hephaestos platform. The pressures obtained depending on the laser intesity is given in gure

[3.3 while gure B.4] gives a zoomed in view of the pressure and laser imeity 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 mspot 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. Ft, the maximum pressure
increases along with the laser intensity until it reaches a thresbld where the pressure saturate. This
phenomenon corresponds to the breakdown occurrence in the materiagbn nement. The maximum
pressures and breakdown thresholds are given in table 3.1. The di ere material performance can be

divided following their polymer family:

" Water produces the highest pressures for nearly all the laser intesities chosen. The breakdown

appears at 7.0 GW/cm? while producing a pressure of 7.0 GPa.

" The acrylate tape gives equivalent results to the obtained with a wate con ned laser shock.
The breakdown plasma initiation happens also at 7.0 GW/cn? and is coupled with a produced
pressure of 7.6 GPa. Although the pressure produced at this speci @lser intensity is higher than

the one obtained with water, the overall pressures extracted are equalent 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 mapot size. Zoomed
in on the 3 to 5 GW/cm 2 range, corresponding to the produced pressures needed for an indial
treatment.

the water con ned regime. The pressure obtained after the breakdowrthreshold 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.

Epoxy used as a con nement produces good results in terms of maxinm pressure and breakdown
threshold although it is not as good as water and acrylate tape. The Maximum pessure produced

of 5.3 GPa is attained at 5.6 GW/cm?2, when the breakdown threshold is also reached.

The three silicones give similar results, inferior to what can be ackeved with the other types of
con nement tested, be they water or polymers. Depending on the tyg of silicone the breakdown
threshold vary between 3.7 and 5.5 GW/cn? while the pressure oscillates from 4.1 to 4.7 GPa.
These results are likely due to a slightly lower optical transmis#n from these polymers compared
to the acrylate tape and epoxy. The Sylgard184 which exhibit the highesoptical transmission
(90% while the PDMS has an 82% transmission), incidentally produces té highest pressures in

the silicones studied.

Even though the water and acrylate tape con nements stand out, the other plymers studied still
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produce high enough maximum pressure to be used for the treatment of ast 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. TabJe 3.1 gives a recap of the breakah threshold and maximum
pressures produced by each con nement. Considering the resdltobtained with the di erent materials
studied to be used as a replacement for the water in the laser shock plication, the acrylate tape
polymer is chosen as the reference material for the nal industrial apfication and for the di erent
experiments to better understand the speci cities of the use okuch a type of con nement for laser shock
peening applications. The Sylgard184 silicone and the epoxy are also clessfor experiments because
of the possibility to synthesize them in the laboratory, hence alloving a control of their respective
properties depending of the protocol chosen. By using these two o#r 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 VAR experiments with
the di erent con nements.

Con nement Breakdown threshold Maximum pressure Transmission
GWi/cm ? 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 assss its possible use. Hphes-
tos' laser has a working wavelength of 532 nm, similar to the parametric usd in Sano's work [21]. As
detailed in 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 dug ber transportation

of the beam. On the other hand, the laser energy transmission through watewith a 1 m wavelength
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is highly dependent on the water con nement layer thickness wheeas at 532 nm the transmission
stays > 99% up to a thickness of 28 cm([67] of water. In this part, a study of the tranmission of the
con nement with green and infra-red laser is presented to assess ¢éhcapability of potential polymer

con nements under di erent irradiations.

3.2.1 Pressure measurement

Multiple pressure measurements through modelling of the back facgelocity pro les obtained by
VISAR measurements were performed in order to assess the e ect of theavelength on the pressure
produced by laser shock. This type of experiment also gives an ideaf the breakdown thresholds
reached with this type of con nement depending on the laser wavelegth chosen, an area where a few
paper can be found. The con nement tested for these experiments wathe acrylate tape polymer.
Choosing an industrial material has the advantage of ensuring that the mateal used as con nement
for the laser shots is always the same in chemical composition and thickess. Figure[3.5 gives the
pressure depending on the laser intensity measured for 3 di erdrwavelengths, respectively 532, 1053
and 1064 nm from Hephastos, GCLT (from CEA) and The a. The results show that similar to water
the acrylate polymer tape shows a slightly less e ciency than when sed in the infra-red range (1064
nm).

The maximum pressure obtained with an infra-red laser (1064 nm) is 5.8 GR produced for a
laser intensity of 7.48 GW/cm?. 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 Thea laser are explained by the longer pulse that
induce the initiation of a breakdown plasma at lower energy. Overall he use of a green laser allows for
production of pressure around 15% higher whatever the incident energused compared to infra-red

wavelengths.

Figure [3.64 shows no di erence between the pressures producedtivthe water or acrylate tape
con nement under a green laser irradiation of 532 nm. Figure 3.6p, on the comary demonstrates
a slight decrease for shots at 1053 nm with water and acrylate tape con nemeneven though their

optical transmission under a laser irradiation of such wavelength is tle 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 produckby laser shot, for green and
infra-red lasers, the shots are realised on 1 mm 99.0% aluminium target wit 1 mm acrylate tape
con nement. The data at 532, 1053 and 1064 nm respectively come from Hephatos, GCLT and

The «a respectively.

(@) (b)

Figure 3.6: Pressure depending on the laser intensity for water and agtate tape con nement for two
di erent wavelengths, (a) 532 nm on the Hephaestos 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 pressue 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 impedanceZ, and Z,. From Fabbro's model [201] the reduced impedance inter-

vene in the pressure calculation:

r q
P (GPa)=0:01 533 Z (g:cm 2:s 1) 1o (GW=cn?) (3.2)

With:
Z: the reduced impedance of the system4 = Z—ll + %) Z1 being the impedance of the target shocked
and Z, the impedance of the con nement.

. a factor which corresponds to the thermal energy used for the plasmadating.

The impedanceZ, 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=Co+ Su (3.3)

With:
Co: the speed of the sound in the material.

S: the Hugoniot constant speci ¢ to the material.

Finally Cg is obtained following:

m

_ a )
“© T @) oo

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 1.48x1® g.cm 2.s ! [34]. Figure[3.7
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shows the pressure produced by laser shock depending on the Yayis 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 whialias caculated with a
density scale ( = 0.935). The Poisson's coe cient of the material is considered to be 0.499isce it is

a rubber like material.

Figure 3.7: Pressure produced by a laser shock at an intensity of 3 GW/m? 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 E; modulus variation from 0 to 10° Pa
and starts an in exion between 1% to 10° Pas. Once the GPa range is attained, a plateau is reached
and the pressure does not drastically change with pressure increaséthin this decade. Considering
these results, the pressure produced by the exible acrylatedpe with a modulus of 70 MPa should
produce 1 GPa with the chosen parameters while using a con nemenwith 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 mateal for laser shock on
the pressure produced, VISAR measurement were realised while ing a 250 m epoxy as con ning
medium. The epoxies were synthesized by Rescoll with di erehnmechanical properties and a thickness

of around 250 m. One batch had a modulus comprised between 1 to 2 GPa while the o#dr one had a
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modulus of 10 MPa. The laser spot used was 2.85 mm with laser intensitiesf 1.86 and 3.55 GW/cn?

with a pulse duration of 7 ns.

@) (b)

Figure 3.8: Backface velocity pro les obtained by VISAR for laser shots on pue aluminium 1 mm
thick (laser spot size 2.85 mm, pulse length 7 ns) with an epoxy con nment of either 1 - 2 GPa or 10
MPa. (a) shots at | = 1.86 GW/cm 2 and (b) at | = 3.55 GW/cm 2.

Figure[3.8 presents the backface velocity pro les obtained from shot atwo di erent laser intensities
on 1 mm pure aluminium on epoxy con nements with di erent Young's modulus. On gure 3.84 the
same backface velocity is reached on the rst and second peak even thoughe Young's modulus of
the two con nement present a di erence of two decades (10 MPa verss 1 - 2 GPa). The FWHM is
also the same on the rst and second peaks. After 550 ns, the 10 MPa pro le sirts 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 B.8b|the same trend is observed although in this case no ying of targeis 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 aluminm target due to
the high pressure produced by the shock with a pressure reachexf 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®odulus of the 10 MPa epoxy
under high strain rate and pressure up to the GPa range through a transiion to a glassy state. This

would make the elastic modulus of both the epoxies similar during tle 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 obtaidefor water and epoxy con ne-
ment and the one calculated from equatior] 3.l with an = 0.2 and with a corrected =0.13to t
the water used as reference.

From the comparison of the theoretical pressure reached with a laser tansity | of 3 GW/cm?2 and
the pressures observed during the experiments a gap is observedhthe theoretical pressure produced
during laser shock on pure aluminium being around 5 GPa while the pessure 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 prohbly 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 equatior 3]l is not accurate ahgives a overestimation of the
pressure produced with the used set of laser parameters. Figufe Bdives the di erence between the
experimental pressure obtained with epoxy and water con nements ad 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/cn? 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 plasna created absorbs the
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incident energy and causes the pressure to stop rising with an ineasing 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 shacexperiments to study their poten-
tial e ect on the process. The con ning medium chosen were epoxige and acrylate tapes with di erent
controlled thicknesses. The di erence of mechanical propertieshat can be induced by the variation
of thickness has been shown to have no in uence on the nal presserproduced during the laser shock
earlier. Solid epoxies and soft acrylate tapes were tested in order toon 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 propertiesusty, with a Young's modulus
in the GPa range were used. Two di erent thicknesses were studid, 250 and 500 m to assess the

e ect of this parameter on the potential pressure produced with these materials.

(@) (b)

Figure 3.10: Backface velocity pro les obtained by VISAR for laser shots on pue (99.0%) 1 mm thick

aluminium (laser spot size 2.85 mm, pulse length 7 ns) with an epoxy conements of 1 - 2 GPa with

two di erent thicknesses. (a) shots at | = 1.86 GW/cm 2 with a con nement thickness of 250 and 500
m and (b) at | = 3.55 GW/cm 2 with a con nement thickness of 250 and 500 m.

Figure [3.1Q shows that no di erence are observed between the backfaselocity 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 debadng 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 éle polymer con nement on
the laser shock process. The wider range of thicknesses covereahipared 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 erat tapes chosen are detailed in
table 3.2.

Table 3.2: Technical sheet of the characteristics of the di erent acryate tape polymer from Coroplast
chosen to be used as con nement for the study of the e ect of the thickiess on the pressure produced
(*: 1.0 kg, 625 mn?).

Thickness 50 m 500 m 1 mm 2 mm 3 mm
Elongation
gat n.a 750 % 750 % 750 % 750 %
at break
Tensile
n.a 10 N/25 mm 14 N/25 mm 25 N/25 mm 25 N/25 mm
strength
Adhesion
25 N/25 mm 50 N/25 mm 62 N/25 mm 75 N/25 mm 75 N/25 mm
to steel
Shear . ) . . .
10'000 min* > 10'000 min* > 10'000 min* > 10'000 min* > 10'000 min*
strength
Temperature
-40 to +120°C -40 to +120°C -40to +120°C -40to +120°C -40to +120°C
range

The laser energy transmission measurement on the di erent acrylate dpes showed the same con-
clusion as with the epoxy ones; the optical transmission of these tapes around 90% whatever the

thickness of the tape measured, meaning the thickness has no e eadn 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

(@) (b)

Figure 3.11: Thickness in uence of the acrylate tape con nement on (a) tre pressure produced by
laser shock with a 3 mm laser spot and a 7 ns pulse on 1 mm pure (99.0%) aluniim target and (b)
the backface velocity pro les produced by VISAR with a 3.74 mm laser spt and a 7 ns pulse duration
on the same targets shocked at 1.55 GW/crh.

Figure [3.11a shows the maximum pressure produced depending on theser 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/cm? to more than 15 GW/cm? , the intensities displayed were stopped at 14
GW/cm 2 since the breakdown is situated at 7 GW/cn? for all the tapes tested. All the con nements
studied demonstrated the same capability to produce pressure whater the laser intensity chosen.
This means that the maximum backface velocity reached is the same for bkthe 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 dierent prole. 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:

~ 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 sirface being thermally

a ected.
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~ A shallower depth of the residual stresses induced in the treatedhaterial. 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 reducedsidual 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 usednultiple 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.h€ targets were

pure aluminium with a thickness of 1 mm.

(@) (b)

Figure 3.12: Comparison of the backface velocity proles at di erent thicknesses of acrylate tape
con nement for di erent laser intensities (laser spot = 3.74 mm, pulse duration = 7 ns, target: (99.0%)
aluminium 1 mm: (a) 2.20 GW/cm? and (b) 4.25 GW/cm?

Figure 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 erergies displayed, a shorter release for
the 50 m pro le compared to the other three thicknesses is observed. On gue[3.12h, the velocity
is quickly decreasing after the peak until reaching a small plateau a50 ns followed by another fall
which is associated with edge e ects. In this case, the velocitys not going into negatives values due
to the large laser spot chosen (3.74 mm) which reduce the edge e ects ihis 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

Laser intensity Thickness
50 m 500 m 1mm 3 mm

1.55 GW/cm? 43.2ns 57.6ns 51.2ns 55.2ns
2.20 GW/cm? 43.6ns 51.6ns 55.2ns 53.6ns
4.25 GW/cm?2 36.4ns 484ns 53.2ns 49.2ns

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 conement. 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 okerved also
con rms that the FWHM decreases with an increase of the laser intensig. An hypothesis would be
that with higher laser energies, the tape will be tearing at an earlier tme during the shot. If the
tearing happens long after the peak pressure of the pulse, the e eawill not be noticeable. On the
contrary, if the hole happens during the release, the slow pressardecrease 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, causiagower 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 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 mechartal properties, it is di cult to

give a threshold and de ne parameters to control the tearing phenomenorio 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 oftie release. If the tape breaks
during the shock, the plasma starts to expand in the air, causing tle interaction to pass from a con ned
regime to a direct one (se¢ 1.2]1 and 1.7.2) causing a decreasing of thed#nof 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 comement thickness thanks to the

equation developed by Fabbro et al. [[201]:

P(GPa) (ns)

L(m):2:105m

(3.5)

With:

L: the size of the interface, corresponding to the plasma thickness

P: the pressure developped by the laser shock, obtained through equan [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 acrylatage con nement makes
the assumption that the mechanical properties of the acrylate tape is snilar 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 withdensity scale at the laboratory

( =0:935.
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" This method allows the calculation of the impedance of the acrylate tapecon nement based
on the assumption described above. The parameters are calculated thrgh the equation ??
(P = Du = Zu and D = Cp+ Su) under static condition with u =0, leading to D = Cy. The
shockwave speed is calculated from shock experiment on di erent epoxies from the iterature
[197,[202,208]. Figurd 3.14 gives the Hugoniot curves and their t allowing the obtetion of

their Hugoniot constant that can be used for the implementation of the Mie-Greineisen equation

of state (seq 2.3.3[3), the value ati = 0 is given is gure [3.14a.

A second possible method would be to make shock experiment dirdgton the acrylate con-
nement to obtain its impedance evolution depending on the laser inensity 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 using® = Zu. The thickness of the plasma can then be extracted

using equation[3.5. These experiments will be described in chaptéV.

The comparison between the two method would also be a good way to evalte the di erence
between the assumption made for the calculation compared with the real éhaviour of the acrylate

tape con nement under laser shock conditions.

3.4.2.3.1 Impedance calculation from literature

Figure gives the Hugoniot curves and their t (which gives theS parameter) for shock exper-
iments from [197,[202] 208]:

The di erent S extracted give a global approximated value of the parameter for epoxies uher shock
(  1.6) than can be used for future simulation of the behaviour of the con nement under shock with
the Mie-Gruneisen equation of state. The sound speed however is di cult to eitact from these data
except for gure B.144d which gives shockwave velocity data startingfom u = 0, thus giving a value of
Co = 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 experimentD = 0:47u+2:38u+2:34). This value of Cq obtained is consistent with
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(@) (b)

(©) (d)

Figure 3.14: Shockwave velocity depending on the material velocitof di erent epoxies respectively
from [194,[202,[208] and their linear tting giving the S parameter from equation.

other value for epoxies found in the literature; 2000 and 2600 m/s, respeately from [204] and [205].
Since the backface velocity pro les using epoxy and acrylate con neent are the same, it is assumed
that their mechanical properties and state are equivalent during shak. 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 & = 2:12 10° g.cm 2.s 1. The results
of the calculation of the backface velocity, impedance and plasma sizeegpending on the pressure are
given in gure B.15

From gure the size of the plasma produced by the laser shock canebcompared to the

thickness of the con nement. The variation of the plasma thickness anges from 0 to 13.8 m. Even
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Figure 3.15: (a) material velocity depending on the pressure appliedb) impedance of the con nement
depending on the pressure applied and (c) plasma size depending ¢ime pressure applied.

at low laser intensities (around 1 GW/cm?) 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 thicknes
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 carexplain 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 pressug, laser intensity and
material velocity known from VISAR measurements performed directy on the acrylate tape. By

coupling the results obtained with the equations[3.2 and[ 33 the impednce 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 shdiy laser. During laser
shock process, multiple parameters can induce damaging of the con meent. In the classic case (i.e.
with water) the problem is not encountered as the water ow is constanty 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 gis is important.

3.4.2.4.1 Transmission after shot

To assess the damaging of the con nements studied, the transmission dhe acrylate tape was

measured after a single shot for di erent laser intensities. The reults given in gure B.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 500m and 1 mm con nements starts respectively at
2 and 2.5 GW/cmz2). The 2 and 3 mm ones show a decrease of their transmission at around 3 G\Wi@
but the slope is a lot less steep, thus when the 3 mm con nement istot 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 shows the same phenomenon with the silicone con nement. e backface velocity
was extracted by VISAR measurement for multiple laser shots on the same aa of a 200 m 99.0 %
aluminium target. The velocity stays high for 2 shots (323 and 345 m/s) befoe decreasing rapidly to
attain 103 m/s after ve shots. A slower decrease is then observed untinearing 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 atli erent laser
intensities to assess and better understand the damaging of the taperigure [3.18 shows the results of

this experiment.
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Figure 3.16: Transmission depending on the laser intensity taken aftea single laser shot for di erent
thicknesses of acrylate tape con nement. Wavelength = 532 nm, pulse dration = 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/cn#, wavelength = 532 nm, pulse duration
=9 ns.

For every tape, a debonded area, larger than the laser spot used was obsedvafter shock, pre-

venting the direct application of a second laser pulse which would nobe 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 he 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 duran. At low intensity all the tapes
present signs of damage initiation mainly localized at the surface and swgurface of the con ning
medium while the backface of the acrylate tape, in contact with the alumnium 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 che®m con nement, meaning that
aluminium ions and patrticles 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. Bepending on the thickness

of the acrylate tape con nement used, di erent e ects are observed atdi erent laser intensities:

" With a 3 mm tape, only low damaging is observed at low intensities in tre form of black spots
caused by impurities absorbing laser energy and initiating localize pyrolysis. At high intensities
a surface opaci cation is observed as well as some tearing of the tape. Goirg even higher laser

intensities produces craters on the surface of the con nement as Jleas stronger opaci cation

148



due to the production of a breakdown plasma absorbing the incident rergy from the laser pulse

at the surface of the polymer tape.

With a 500 m tape, at low intensities only slight damaging and debonding are obsenag:while
going a slighlty higher energies will cause complete tearing of the tapen an area a little bit
bigger than the laser spot size. Due to the tearing opaci cation is not obseved , instead of having
thermal e ects localized at the surface of the con nement, they are bcalized at the surface of

target, thus inducing thermal e ect on the aluminium surface.

With the 50 m tape, even at low laser energies, the con nement tape is directly ampletely
removed. Going higher in laser intensity causes a brown ring to apgar around the laser spot
size, caused by the plasma depositing aluminium particle around thémpact point of the laser.
This phenomenon could be used as a way to remove the con nement if #a.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 laes shots consists in
performing infra-red measurements on a sample of the tape before and aft laser shot at di erent
intensities or a di erent number of shots. In the case of damaging, the hemical changes induced by
the bond breaking are visible on the IR spectra. Figuré 3.9 shows the 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 thicknes of the material, although

observable, cannot be studied.

The infra-red spectra presented show two areas of interest. Fits between 3600 and 3000 cm?,
a broad peak can be seen appearing with the spectrum in guré 3.19b with th increase of the laser
energy used for the shot. The same phenomenon is observed for in the 17001600 cm ! range in
gure B.19d. This is likely caused by the breaking of O-X chains, thus ausing 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 oxygeanmot link with the surface of
which the con nement is layed on. The same e ects are observed in gue[3.19d. In this case multiple

laser shots were realised at a low laser intensity (2 GW/cri). The repetition of the shot induces the
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@) (b)

(c) (d)

Figure 3.19: Infra-red spectra of the acrylate tape con nement before andhfter laser shot with a 3 mm
laser spot, 7 ns pulse duration, 532 nm. (a) at two di erent laser intengties (3.98 and 8.65 GW/cn?,
(b) focus on the 3800 to 2800 cm! area, (c) focus on the 1800 to 1400 cm' area and (d) e ect of 10
laser pulses at 2 GW/cn? on the acrylate tape con nement.

creation of defects that then act as absorbing points for the incident lasr 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 wil be mainly limited by the decrease
of the transmission of the con nement. It appears necessary to nd a wa to either replace the
con nement after a set number of shots or to enhancement the resistaze 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 pdaced by a laser shot, other

parameters are a ected when the con nement reaches really low valueén this case 50 m):
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" The full width half maximum (FWHM) is shortened, causing the pressure to be applied for a
shorter duration and nally resulting in residual stresses inducel by the laser shock peening

treatment to be shallower.

~ The reduction of the FWHM a ects the release of the pressure pro le, @using the thermal e ects
to be applied for a shorter duration. In the case of a LSP treatment withou 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 oflie shocked target has been
shown to have a signi cant role in the nal pressure produced by a hser shock. For this reason, the
adhesive properties of the con nement can have an in uence on the proess 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 thist polymer, a silicone (Sylgard184,
Dow Corning) was chosen, it is synthesized by mixing a base with a oass-liking agent with a 1:10
ratio. Changing the ratio modi es the curing of the polymer and as a resut, changes its mechanical

and adhesive properties as described in guré 3.20.

The second con ning polymer chosen was the acrylate tape con nement akady presented. To
modify its adhesive properties a corona treatment was applied on it. he corona treatment consists in
creating a corona discharge by applying a high electrical current to arapparatus tip to ionize air. The
tip is placed close to the surface of the polymer to treat causing a chage 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. Toassess the e ectiveness of the
process contact angle measurement were performed. After treatment & lower contact angle should
be observed that can be correlated to higher adhesive properties due tthe increase of the surface
energy. Figure[3.21 gives a representation of the corona treatment tecligue and of the contact angle

one.
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Figure 3.20: Design of patches of polydimethylsiloxanes (PDMS) by modiation 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 credinked 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 dfee and dangling chains (taken

from [20€]).

(a) (b)
Figure 3.21: (a) Corona treatment apparatus and (b) contact angle machine used uting 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 agtitly tacky transparent adhesive
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while the second ratio chosen was 6:100, giving a softer material with betr adhesive properties. In
both cases the base and hardener were thoroughly mixed before leavingaross-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 conament during laser shock and
the pressure produced was obtained from VISAR measurments. The laseapot size chosen was 3 mm
on aluminium target with a 1 mm thickness. The silicone thickness vas comprised between 300 to
600 m depending on the sample. This thickness does not induce changeasthe pressure produced as
shown in the previous section. The laser intensities used rangeddm 0.23 GW/cm? to 7.27 GW/cm?2,
producing pressures up to 4.69 GW/cnf. The results obtained are given in gure . Silicones
with much higher quantity of cross-linking agent were not used becaus of their really low adhesive
properties as well as their tendency to crack. On they contrary usig 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 m 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 eimge 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 duing shock. A slight di erence

that can be noted is the debonding on the con nement from the surface ofhe aluminium target. In
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the case of a low cross-liking (the 6% curing agent for instance) the sbtnger 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-limg.

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 #ie surface of the tape, the
technique can be considered destructive but the thin surface a eted does not lead to noticeable
changes in the mechanical properties of the treated acrylate tape. Theahgling chains created by the
process are mainly O-H chains breaking, over time these chemical fiations are recovered by reaction
with the surrounding hydrogen in the air. Because of that the laser shok 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 Lauriane Tru ault and

Alain Guinault.

Figure 3.23: Pressure depending on the laser intensity for shots on Immuahinium 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 pmuced by laser shock
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depending on the laser intensity used for the shot. The trend follaved is the same as with no treatment.
A small di erence is observed starting 6 GW/cm? between the samples shot after corona treatment
with no delay and the others. Since the breakdown plasma formation sirts 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/cn?. The breaking of bonds at the surface of the acrylate
tape con nement can explain the triggering of the breakdown phenomenorat a lower power density (6
GWi/cm 2 versus 7 GW/cm? usually). The broken bonds act as defects that absorb more energy that
undamaged matter and produce triggering points for further growing damags 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 extesion transparency by reaction

chemical reaction of the dangling chains with the surrounding enviroment by the acrylate polymer.

3.6 Chemical composition

The chemical composition of the material used as a con nement for the lageshock peening process
should have an in uence on the process. The pressure produced the 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 erert con nements and more particularly
between the carbon-based and Si-based polymer chains. These diarees 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 andeating more starting points
for further damaging. Because of that the breakdown will occur at lower &ser energies compared to
a material with less optical losses. The second explanation to the di eence in breakdown threshold
lies in the di erent backbone chains of the polymers used for the conning 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 use 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 600n silicones (Sylgard184, Dow
Corning) synthesized at the laboratory using the normal 1:10 ratio. The lase spot size chosen was
3.74 mm with a pulse duration of 7 ns. Only the A beam of the Hephastos laser was used for these
experiments to avoid any misalignment between the two beams. Theaser intensity of the shots was
4.2 GW/cm?, an energy allowing the production of an already large pressure while maikg sure that
the breakdown threshold is not yet reached. Figuré 3.24 shows the baféce 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 intengifor 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/cnt 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 dierence is observed
during the release. The acrylate tape con nement shows a decrease tife backface velocity without
any edge e ects while the backface velocity pro le of the silicone comement show the beginning of
the release followed by the edge e ect at 300 ns, showing a minimum of @/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 produed by laser shots while
varying di erent properties of the polymer con nement. The results 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 okarface treatment using polymer
con nements. The surface treatment, as opposed to the monopulse usedp until now, induces 3D
e ects while a 2D axisymmetric representation was enough up until nev. In the case of small laser
spots (1 mm or less) coupled with high overlap between shots, the sface is homogenized and the
residual stresses are uniformly distributed, hence allowing te use of an axisymmetric model to obtain
a good representation of the residual stresses imparted by the lasshock 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%) dirent areas of the treated
surface do not see the same amount of laser shock. Because of that, theideml stress repartition
can be a ected and making a potential modelling of the process more conligated 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% overlapPi erent areas see between
1 to 4 shots depending if they are on the edge of the treated region or in gpgci c location between

lines of shots.

Figure 3.25: Number of laser shots seen by the matter in the case of a surfatreatment 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 thia size of 60x60x30
mm were used. This alloys was supplied by Airbus and prepared the saenway as the matter used
directly on the aircraft in order to have transposable results to an irdustrial 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 apability upstream need to be
fully representative of the conditions that will be encountered inthe 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, ¢harea treatment had to be
done by hand. For this reason, large spot of 4.7 mm were chosen with a lasertémsity of 4 GW/cm ?
for each shot. An overlap of 50% was used and the area was covered three timesinduce the residual
stresses at an important depth. Moreover, to avoid the apparition of tersile residual stresses at the
surface of the coupons treated, a thermal coating was used. For this pugse an aluminium adhesive
was used, composed of 40m of adhesive an 50 m of aluminium. The choice of aluminium as thermal
coating, allows for an improvement of the pressure due to impedance minatch in the case of treatment
of steels or titanium alloys. In this case since the impedance of alumium and the aluminium alloy

coupon, the impedance is nearly the same and does not induce pressuganges.

Figure [3.26 shows di erent photos of the set up used for the treatment ofthe AI7175 blocks
from the block placement to the block after residual stress analys through incremental hole drilling
technique. The displacement between each shot was realised withionometric screws to obtain the
desired overlap while covering an area at the center of the block of aeast 20x20 mm. The acrylate
tape con nement was replaced between each shot while the aluminiumhtermal coating was replaced

after each line due to its width not covering the whole area of interst.

3.7.2 Surface state before and after treatment

The roughness of the surface was measured before and after the applicatiaf the rst, second

and third layer of lasers peening. The evolution of the roughness withthe laser shock peening process
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@ (b) (c) (d)

Figure 3.26: Set up used for the residual stress treatment (a) Laser sefpuused 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 B.27. The global roughness measuredRa) before treatment on a 25x25 mm area is
1.90 m. After one layer of laser treatment applied the roughness goes up to 2.10m and continues
to get higher with the second and third layers applications (respedtely 2.63 and 2.99 m). Such an
increase of the surface roughness is quite low but is still enough toeed a resurfacing to reduce the
nal roughness of the treated piece to a desirable value. Due to the dath of the compressive residual

stresses imparted in the material shocked, such a post-treatmens not problematic.

3.7.3 Residual stress measurement

Once the sample for residual stress measurement were ready, theyere sent to Ulrike Hecken-
berger (Airbus Defence and Space, Bréme) for analysis. The surfaceath were obtained using XRD
measurement while the in-depth pro le was obtained through incremetal hole drilling technique up

to 1 mm.

3.7.3.1 Surface measurement

For the evaluation of the surface residual stresses, X-ray diraction vas performed for the [311]

plane with a Cr-tube using a 2 mm gauge and a 3 mm increment. The detaibf the calculation is
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(a) (b)

(©) (d)

(e) (®)

(9) (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 Il (2.5).
3.7.3.2 Residual stresses calculation experiment

The experiment were realised by scanning the surface of the treatkeblock at di erent positions
along the edge of the treated area to make a line. The line was repeatedwer and lower. The
measurement was made in the two directions noted. and LT respectively the rolling direction of the
sample and the orthogonal direction to it. Figure[3.28 give a representatiorof the points measured on
the sample. The rolling direction can be observed on gurd 3.28a with elogated light grey line from
left to right. The measurement was also realised 10 mm above the peeti@rea to have a non-treated
reference and be able to attest that the laser shock peening treatnm¢ indeed induced compressive

residual stresses in the matter.

@) (b) ()

Figure 3.28: Surface XRD measurements realised on the al7175 coupon (a) couponfdre 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 tle surface stresses averaged
on the 50 to 100 rst m. In the case of these measurement it does not cause any problem sinae
thermal coating was used but in the case of a laser shock peening treagnt without such a coating
the tensile residual stresses at the extreme surface of the couporillnot be accurately represented. A
solution to this problem would be to realise synchrotron measuremerst of the surface but this would

also require a grain size su ciently small as well as an isotropy of the gran orientation.

The measurements in the two directions give similar results. An aerage of -275 15 MPa is found
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(@) (b)

Figure 3.29: Result of the XRD residual stress measurement at the surfacof the treated block (a)
along the L direction and (b) along the LT direction.

in the L direction while an average of -270 15 MPainthe LT direction is obtained. The similar results
indicate an homogeneous repatrtition of the residual stresses indepeantly of the probed direction.
The measurement in a non-treated area also resulted in negative valsandicating compressive residual
stresses although no compressive shock has been seen by the mattdhis 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/cm? 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 drillig in the middle of it to induce
stress relaxation. The observation of the micro deformations of the piee surface is then used to
calculate the residual stresses in the material. The full procedre 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 measurementire given in gure and
show high compressive residual stresses from the surface to thenit 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 stresses induced in the matter by the
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laser treatment. The surface residual stresses are respectivefgr the L and LT directions -275 and
-270 15 MPa. The values slowly increases up to -191 and -166 MPa at 1 mm dependjron the

direction.

Figure 3.30: Residual stresses measured on a laser peened Al7175 couponrizyeémental hole drilling
method up to 1 mm and in-depth residual stress elds induced by L% or shot-peening on 7075-T7351
by incremental hole-drilling method measurements (I = 3 GW/cm?, pulse duration = 25 ns, Gaussian
pulse, spot size =4.35 mm, water con ned with al tape as thermal coating) (aken from [208]).

These results are similar to what was presented by Peyre et al. workrém [2074]). 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 an guration and allow the
treatment of claustrated areas where laser shock peening could not beegformed 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 propagaton (see gure[3.3]. Such as
high pressure coupled with high strain rate, debond the con nement fom the surface of the material

treated. In the case of repeated laser shots the con guration is not in a comed mode anymore, mean-
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ing that the pressures induced are greatly diminished as well as thelength of application. Solutions
are envisaged to mitigate these e ects. For instance, the use of the al industrial con guration (spot
size0 1 mm, 1064 nm, 1 J) should produce less con nement damaging due to the ster size of the
plasmas created inducing lass polymer con nement debonding. Another ay to avoid the damaging
problem would be to automate the replacing of the con nement in betwea laser shots or between a

de ned number of shots.

Figure 3.31: Peening pattern needed for treatment with water and solid on nement an description
of the debonding phenomenon.

3.8 Conclusion

Di erent experiments were performed, rst pressure measurenent in order to determine the poly-
mer able to deliver the highest pressure when used as a con nementAt the end of this step, the
acrylate tape from Coroplast was chosen as it produces the same results asetwater con ned con g-
uration in term of maximum pressure produced. Then, other experinents were performed to obtain

information on the in uence of various parameters such as:

The optical transmission of the con nements studied at 532 and 1064 nm.

The e ect of the laser wavelength on the pressure produced by a laseshot.

The in uence of the polymer Young's modulus on the pressure produed.

The con nement thickness in uence.

The e ect of the adhesion properties of the polymer on the VISAR measurerants.

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 @ produce a sample for
residual stress measurement by XRD at the surface and hole drilling mthod in-depth. The results
showed that the compressive residual stresses imparted in an Al 7175-T73block are equivalent to the
residual stresses obtained for a similar, water con ned treatment on &075 block with close mechanical
properties. These results demonstrate the possibility to treat al 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 iaraction that were de ned
at the end of chapter I. The results obtained with the acrylate tape usel as a con nement on aluminium

targets are given in table[3.].
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CHAPTER 4. POLYMER CONFINEMENT UNDER SHOCK

Pour mieux comprendre les proprees des matriaux de con nement utiliees lors des experiences
de choc laser, une etude de leur comportement sous haute pression eitesse de deformation est
recessaire. Les experiences ealies dans les chapitresgaedents etaient centees sur des mesures
VISAR sur des cibles d'aluminium et l'information etait extraite de la face arrere de ladite cible.
Dans cette con guration, le chargement de surface etait obtenu au traves d'une nethode inverse
de simulation nunerique visanta reproduire les signaux VISAR en face arrere an de remonter
a la pression ceveloppee en face avant. Cette nethode permetl'obtention d'informations sur les
proprees de la cible aluminium ou de l'alliage traie par choc las er mais ne permet pas d'obtenir
le comportement du materiau de con nement durant ces chocs laser. @ les magriaux polynere
exibles pesentent, sous chargement de haute pression et vitese de deformation, une augmentation
de leurs proprees nmecaniques avec un module d'Young pouvantpasser de quelques MPaa quelques
GPa. Celaa pour e et de modi er I'impedance eduite du syst eme con nement/Cible et par extension
la pression maximale nale produite par le choc laser. A n d'étre en mesure d'obtenir une meilleure
compehension des ptenonenes mis en jeu dans les polyneres @o®sa des conditions mecaniques
comme celles obsenees sous choc laser, dierentes experiees ont et eali®es en se concentrant
sur le con nement acryliqgue. Ces experiences donnent de nouvids informations sur les proprees
nmecaniques des polyneres sous choc et permettent de se rapproeer d'une simulation nurrerique
de leur comportement dans ces conditions. Un mocele FEM complet de s polyneres permettrait
d'acedera une meilleures compehension des dierents proedes mis en jeu mais aussi de gagner du

temps pour la cetermination et I'optimisation potentielle des parametres laser dans un cadre industriel.

Transition vitreuse dynamique

Le prenonene de transition vitreuse corresponda la temperatur ea laquelle un magriau amorphe
ou la phase amorphe d'un magriau subit une modi cation et transitionn e d'unetat vitreuxa unetat
exible ou inversement. En augmentant la temperature, les chaines d'un polynere gagnent en mobilie,
faisant gagner par extension au maeriau de la exibilie. A l'invers e, en eduisant la temperature,
la mobilie des chaines diminue progressivement jusqua un pont ou elles ceviennent "gekes" et le
polyrere atteint unetat vitreux. La temperature de transition v itreuse est habituellement donree
pour conditions normales (egime statique et pression = 1 atm) mais soushargement un cecalage de

cette temperature est obsene [131]. De ce fait, le terme transiton vitreuse dynamique est utilie an
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de prendre en compte ces e ets sous choc (vdir 1.4.6.1 pour plus d'mimations).

Durant les experiences de choc laser, la transition vitreuse dgamique intervient. Elle est causee
par les fortes vitesses de deformation (de l'ordre de 19s 1) coupkesa des pressions de l'ordre de
guelques GPa. Habituellement, I'exprience utilisee pour ceterminer le comportement des mageriaux
sous haute vitesse de ceformation est le test des barres de Hopkinsoh € 10° s ') [147,[148] mais ce
dernier n'atteint pas les vitesses de ceformation obsenees lorsl'un choc laser. Une des seules nethodes
permettant d'atteindre de telles vitesses de deformation est laspectroscopie delectrique (DRS) qui
peut atteindre les 10 s ! en conditions normales et aller encore plus haut avec une con guration

dierente.

Pourevaluer les e ets d'un choc laser sur un maeriau de con nement, des experiences de DRS

ontet eali® (voir 1/4.4.1.2 ¢t 2.4.2)| L'objectif de ces experie ncesetait d'obtenir des informations

sur la mobilie des chaines des polyneres sous haute vitesse defdrmation avec une pression d'l
atm. De cette manere, il est possible de cecoreler la contribution de la pression et de la vitesse de
ceformation sur la transition vitreuse dynamique. La méme experience a aussiet ealie sous une
pression isostatique de 600 MPa pour coupler les deux e ets. Les e#tats ont ensuiteee compaes

aux donrees obtenues lors des dierentes experiences de cholaser.
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CHAPTER 4. POLYMER CONFINEMENT UNDER SHOCK

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 rate is necessary. The experiments
realised in the previous chapter were all focused on VISAR measuremenon an aluminium target
and the information was extracted from the backface of said target. In this ¥pe of con guration, the
surface loading was obtained through inverse methods on with Abaqus moding of the interaction.
This method gave information about the consequences of the laser shodk 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 withoding's modulus, going from
MPa to GPa, thus changing the reduced impedance of the target/con nemeat system which in uences
the nal pressure produced. To be able to achieve a deeper unddending of the interaction during
shock as well as the reaction of the polymer con nement to said shock x@eriments have been focused
on the con ning medium to obtain information about its mechanical properties 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 understaing of the process while also saving

time for the determination of the laser shock parameters for the procss.

4.1 Dynamic glass transition

The glass transition phenomenon corresponds to the temperature at whitthe amorphous phase
of a material undergoes a modi cation, transitioning from a glassy hard sate to a soft exible one
or vice versa. By rising the temperature, the polymer chains gains moibty 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 rea@s a glassy hard state. The
glass transition temperature is usually given under normal conditions (e static strain rate and a
pressure of 1 atm) but under loading a shift of this value is observedI31]. For this reason the term

dynamic glass transition is used to take into account those phenomena. Merinformation on this
topic can be found in[1.4.6.1.
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During laser shock experiments, the dynamic glass transition phesmenon takes place. It is caused
by the application of a high strain rate in the 10° s ' order while a pressure in the GPa order is
developed. The classic experiment chosen to obtain the behaviour aghaterials under high strain
rate is the Hopkinson bar test (< 10° s 1) [147,[148] but it does not reach the strain rates attained
during laser shock making dielectric relaxation spectroscopy (DRpone of the only alternative with

its capability to go as high as 10 s ! range or even higher with a di erent setup.

To assess the e ect of a laser shock on a con ning medium, Dielectrirelaxation spectroscopy ex-

periments were realised (see 1.4.4.1.2 apd 2.4.2). The experiment obfige 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 experninent was then realised under
a 600 MPa hydrostatic pressure to have a representation of the two coded 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 aslfow: The acrylate tape
con nement was selected as it is the reference con nement for endage with laser shock peening and
the one that showed the most promising results. Two other polymers wre 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 Caing) with Tq = 147 K (-126°
C) and the second one a polycarbonate (Lexan 141, Sabic), already in the glassyast at ambient
temperature with Tg = 415 K (142° C) (both the Ty were obtained through DRS measurement). The
two materials were also chosen on the basis that they are amorphous to litpotential 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 mnjAL000700, 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 makeghem easier to

deform and that were then pressed on the 1 mm aluminium target at 250C, 100 bar for 60 sec to
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CHAPTER 4. POLYMER CONFINEMENT UNDER SHOCK

form an uniform Im 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 curedor 24h at ambient

temperature to form Ims of around 700 m thick.

4.1.1.2 Transmission measurement

The optical transmission of the polymers used was measured by using alorimeter (QE50LP-
H-MB-QED, Gentec) placed under the sample holder used for the expéments. The transmission
was calculated using the lowest possible energy from the laser to pdoce the lowest laser intensity
(0.2 GW/cm ?) as to avoid any potential damage to the polymer and then calculating the dierence 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. Tie laser energy applied at the
surface of the aluminium target was corrected according to this measuraent for the laser intensity

calculation.

4.1.1.3 Dielectric relaxation spectroscopy setup

The experiments were realised at the university of Rouen by Cenent Fosse, the experiment under
pressure was performed by Abdoulaye Soumaila Sounakoye under the seipision of Laurent Delbreilh.
The DRS experiments were performed with an Alpha Analyser from Novoontrol Technologies GmbH
in a frequency range going froml:10 * Hz to 2:10° Hz. The samples used were circular with a diameter
of around 20 mm of the analyzed material and were placed between parallel goldeetrodes. A Quatro
Cryosystem (Novocontrol Technologies GmbH) was used to control the sampl temperature with a
stability of 0.5 K. For the silicone and polycarbonate, the temperature was increaseffom 123 K to
223 K using appropriate steps. For the acrylate the measurement was donedm 173 K to 323 K with
the same steps. For the silicone, measurement under an isostatic ggure of 600 MPa were realised

with a speci ¢ setup.

4.1.2 Dielectric relaxation spectroscopy results on acrylate tape

The results of the DRS measurement on the acrylate tape con nement uder atmospheric pressure

are given in gure @.1].

The 3D plot shows the imaginary part of the permittivity °°depending on the frequency and tem-
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Figure 4.1: 3D plot of the dielectric relaxation spectroscopy results obdined with the acrylate tape
con nement with a frequency varying from 0.1 to 2.10° s 1 over temperatures ranging from 173 to
323 K.

perature. The dynamic glass transition temperature is representeds the temperature and frequency
at which a maximum of %is observed. At high frequencies, one broad transition, covering ém 223
to 323 K is observed while at low frequencies, two transitions are obseed, respectively from 203 to
263 K and from 273 to more than 323 K. To better visualise the transition, the cata 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 ltosen, 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 2.10%° s 1. Each line represents a measurement at
a speci c temperature ranging from 233 to 303 K. The maximum of each line sbws 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 presee 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.

175



CHAPTER 4. POLYMER CONFINEMENT UNDER SHOCK

The raw results are analysed with the Havriliak-Negami model to obtainthe dielectric relaxation
(see[2.4.D).

The relaxation map obtained representslog;of max as a function of 1006=T and is given in gure
[4.3. 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 \®gel-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 ketween the results given
by the two samples shows di erent behaviours. The dynamic glass tnsition temperature obtained
at 102 Hz vary between 265.2 to 227.1 K. One of the explanation could be that the samplavo was
measured from 104 Hz while sample one started at 100 Hz. The ramp from 10 # 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 ofte polymer until its complete

transition to a glassy state.

Figure 4.2: DRS measurements on two acrylate tape samples. The dots regsgent 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 ect on a material that
can be used as a con nement for the laser shock peening process, twther 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 thEeDMS (147 K) or a high one for
the PC (415 K). The PC is chosen because it is already in the glassy stateven before being put
in laser shock conditions. The PDMS, on the other hand, is used as a ssfitute 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 experient under isostatic pressure at
600 MPa was also realised to assess the e ect of the pressure coupledhwa high strain rate on the
dynamic glass transition of such a material. The raw measurement on the BMS are given in gure
[4.3 and[4.54, respectively for 3D and 2D plots. The 2D plots are given for both theneasurements with
no pressure and under an isostatic loading of 600 MPa. The raw results obtaéd with PC are not
presented as they are not the main focus of this study since the mat&l 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 okained with the polydimethyl-
siloxane (Sylgard184) con nement with a frequency varying from 0.1 to 210° s 1 over temperatures
ranging from 173 to 323 K. Raw results obtained from the dielectric relaxaion spectroscopy measure-
ment of the polydimethylsiloxane (Sylgard184) con nement under atmosgheric pressure.
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Figure 4.4: 3D plot of the dielectric relaxation spectroscopy results obdined with the polydimethyl-
siloxane (Sylard184) con nement with a frequency varying from 0.1 t02.1° s ! over temperature
ranging from 262 to 279 K under a 600 MPa isostatic pressure.

With the polydimethylsiloxane, only one transition is observed and £ems to be reasonably in u-
enced by frequency applied which can be translated to the strainate observed by the material during
laser shock. To be able to have a better representation of the resisl the 2D plot is used with both

the results without and under pressure.

@) (b)

Figure 4.5: Raw results obtained from the dielectric relaxation speatoscopy measurement of the poly-
dimethylsiloxane (Sylgard184) con nement under (a) atmospheric presure and (b) under an isostatic
600 MPa loading.
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Each line represents a measurement at a speci ¢ temperature ranggfrom 149 K where the tran-

sition occurs at 10 1 s 1 to 173 K where it occurs at 8.9*10 s 1.

The transition from a rubbery behaviour to a glassy one of each line is dermined by the maximum,
thus giving for a given temperature the strain rate necessary to indge a dynamic glass transition if
any happens under the conditions of the experiment. In this case sie only one transition is occurring,
the determination of the dynamic glass temperature becomes easier. Urd pressure, measurements
were realised with temperature varying from 262 to 279 K. A shift of the d/namic glass transition
is observed with a transition observed at 262 K for a strain rate of 5.18 s 1 while the measurement
at 279 K showed a transition for a strain rate of 1.4*1® s 1. An average shift of around 383 K is
observed due to the loading applied during the experiment thus sbwing that the glass transition
shift induced by pressure seems to have a signi cant impact compad 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 behéour of the Sylgard184 under a

broader range of temperatures and strain rates by using the ¥gel-Tammann-Fulcher (VTF) law:

max = 0 €Xp (4.2)

T To

With:
0. a pre-exponential factor
D: a dimensionless parameter related to the slope variation (steepnssstrength)

To a reference temperature

The results presented in gure[4.6§ give an accurate measurement of theilicone used during ex-
periment with a glass transition temperature in static conditions (_ =10 ? s 1) of 147 K, close to
what is found in [20€]. 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 oder for the PDMS to reach a
glassy state, the strain rate would need to be as high as 10s !, a value largely higher than what
can be reached by laser shock peening with the laser parameter usear fthe 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 rasurement while the line
represent the t using the Havriliak-Negami model [15€].

state even under laser shock conditions (f0s ). The glass transition temperature calculated for the
silicone at 10° s ! is 173 K meaning the shift induced by the strain rate is 299 K, a rather snall e ect
compared to the assumed pressure e ect. More precisely, it meandhat both stress and strain rate
induce a consequent e ect on the dynamic of the polymer chains that carbe perceived, when looking
at the macroscopic properties by a large dynamic glass transition shift with separates the rubbery
and glassy behaviour of the materials studied. In the speci c case of thse experiments the pressure
e ect seems to be prevalent on the dynamic glass transition when compad to the strain rate e ect.
The polycarbonate on the other hand is not mechanically a ected by the appication of such strain
since it is already in a glassy state at ambient temperature, its glass t@insition temperature variation
depending on the strain rate applied is also smaller compared to what isbserved 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 wererformed at di erent laser
intensities with a camera setup coupled with the VISAR one. This albwed obtaining the backface
velocity pro les of shots on 1 mm aluminium targets (99.0%) while also haing images of the con-

nement deformation caused by the shock created. The backface velitg pro les were reproduced
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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 providanother rough estimation
of the strain rate observed during shock. The strain rate extracted fom the simulation and camera
imaging gives the information at the surface of the aluminium target. The $ock produced by the
laser pulse induces two identical shockwaves, one going through thtarget and a second one going in
the con nement. Since the two shockwaves are the same, the straimate extracted at the surface of
the shocked target is the same as the one seen by the face of the con nimgedium 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 sain rate induced dynamic
glass transition, the glassy state of the matter will only be known on the sirface of the con nement,

the thickness will not be able to be considered to have made a trangon from the rubbery to the

glassy state. The experimental setup used for the camera imaging cowgd 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 ingure £.8]for four di erent
con nements, respectively polycarbonate, acrylate tape, silicone ath water. The shots were realised
at 0.79 GW/cm? with a laser spot of 3.7 mm and a pulse duration of 7 ns. The targets chosen e

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 magnde. Polycarbonate usually
have a Young's modulus comprised between 2.0 to 2.4 GPa. The two othgrolymer con nements are
rubbery with modulus in the MPa range. Their same pressure prodation when used as a con nement
during laser irradiation, shows once again their shift to a Young's modilus in the GPa range due
to a dynamic glass transition making the materials glassy. The water con red regime also produces
the same pressure as the others, in accordance with studies showitige evolution of the mechanical

impedance of water during laser shock (see gurg 4]9).
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(@) (b)

(©)
Figure 4.7: Setup used for the VISAR coupled with camera imaging for the shin 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 eithe the pressure or laser intensity of

the laser shot. A 2D axisymmetric model was used with an explicit soler to take into account all the
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Figure 4.8: Backface velocity pro les for dierent 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/cri. 99.0%, 1 mm thick
aluminium sheets were chosen for the targets.

Figure 4.9: Experimental results describing the shockwave velity 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 # shock was applied was

xed to represent the sample holder used during the experiment

41.4.2.1 Constitutive model

The laser shock process induces high strain rates, reachin®® s * and higher. For this type of
solicitations the Johnson-Cook model is usually chosen [211]. It takesia account multiple parameters

such as strain rate, strain hardening and thermal e ects and is availabé in most FEM software [192].

Work by Amarchinta demonstrated the accuracy of the Jonhson-Cook model wer elastic perfectly
plastic or Zerilli-Armstrong models [212] for laser shock applications.For this simulation the Johnson-
Cook model was coupled with the Mie-Gerineisen equation of state while also using the classical

elasto-plastic material parameters. The parameters used are given in tdé[4.].

Table 4.1: Simulation parameters used for the constitutive model

G Co S oo y B n C 0
(kg/m?3) (MPa) (m/s) (MPa) s Y

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:

m
(LI (4.2)

= +BM 1+ClIn =
(y p) 0 Tmelt TO

The rst part describes the strain hardening e ect. The second patt characterizes the strain rate
e ect and the last one is used to take into account the material temperatire evolution during the
plastic deformation. y is the yield stress,B the strain hardening modulus, , the equivalent plastic
deformation, n the hardening coe cient, C the strain rate sensitivity, _ the strain rate during the

process, g the reference strain rate, To the room temperature and T 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 mneisen equation of state

In order to accurately represent the hydrodynamic behaviour of thematerial, the Mie-Greineisen
equation of state is classically used. It allows the determination of tle pressure in a material during
shock. The equation stems from the Ganeisen 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 apprach developed in Scius-Bertrand
et al work [195] for a 532 nm wavelength. The pressure duration used is 7 nsitv a Gaussian pro le
until the release. The laser spot spatial pro le was directly measure from the experiment through
camera imaging. The used spatial pro le was then extracted from a Itering of the experimental pro-
le through the Butterworth Iter [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 pessure pro les used for the

simulations are given in gure [4.10.

(@) (b)

Figure 4.10: (a) Normalized pressure pro le obtained with the code from[[195for a 7 ns FWHM, 532
nm Gaussian pulse laser shot (b) Filtered laser spatial pro le obtainedwith the Butterworth Iter
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 4.113. 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 tackface velocity pro le,

the maximum plasma pressure of the shots is extracted as well as the mamum strain rate.

@) (b) ()

Figure 4.11: (a) Experimental and simulated pro le for a laser shot with an intensity of 0.80 GW/cm?
and a laser spot size of 3.7 mm diameter on a 1 mm 99.0% aluminium target. (b) &in 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 gue[4.11& reaches 1.6 GPa
and a strain rate of 2.4*1F s 1 at 0.79 GW/cm?Z2. The results con rm the strain rate values given in
the literature in the 10° s ! range [43]. The same procedure is applied to the velocity pro les forhe

di erent laser intensities used during the experiments show in gure

The strain rates extracted range from 1.91*16 s 1 at 0.79 GW/cm?to 4.01*10° s ! at 4.37 GW/cm?2.
By coupling these results with gure 4.6 shows that the silicone comement, when exposed to a strain
rate of 4.01*1¢ s 1 exhibit a glass transition temperature of 175 K. This means that the presure 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 ambientemperature). The strain
rates e ectively seen by PC, the acrylate tape or the silicone are coridered close to these values. It is
possible to evaluate a minimum strain rate seen by the silicone witlcamera imaging ( gure ). In
the laser shock experiment, two identical shockwaves are creadeat the interface con nement/target.
One goes in the target material while the second one goes in the con neme This con guration

means that the pressure applied is the same at the surfaces of both maiats considered. The strain
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Figure 4.12: Strain rate depending on the laser intensity for a PDMS connement, 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 #nmaterial concerned. A simple
calculation allows an assessment of the strain rate seen by the silicom®n nement. From the camera
imaging, one can observe that the deformation is superior to a half-circleFrom the calculation of the
perimeter, it is possible to estimate a minimum deformation indued by the laser shock. Figurd 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 la pulse is 7 ns long. The initial
length of the PDMS polymer tape L 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 simpfy the case, a perfect half circle is
considered for the calculation. The laser spot size is 3.74 mm so the peareter of such an half-circle
is roughly 5.81 mm. The time between the image taken in gure[4.13a and the laar shock is 31 s.
The strain rate obtained is 1.79.1G s 1. This means that long after the shock, the strain rate is still

in the 10° s ! range. It is safe to assume that at the time of the shock it would be a lot hjher.

Moreover the Abagus modelling shows that the maximum strain rate is atained after 16 ns for a

0.80 GW/cm? shot. From the same simulation, the strain rate is still in the 10° s * 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 throughhe 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 lasr shock is in the 16 s 1

range like the aluminium target from which the FEM strain rates have been extracted from.

@) (b) () (d)

(e) ® (9) (h)

Figure 4.13: Images of the deformation of PDMS used as a con nement for laser shk, laser spot is
3.74 mm laser intensity is 4.23 GW/cn?, 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 eadéncrement from 37 s

The values of pressure induced glass transition shift can be found in Adroni's work [151]. In the
case of PDMS, the average value found for amorphous polymer is 0.28 K/MPa. Therpssure induced
Ty 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? (5.3 GPa). These values explain why every laser shot experiment alwa
show a pressure produced that can be obtained only if the impedance dfe con nement attain a value
for which a Young's modulus in the GPa order is necessary. In order testay 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 critera is 429 MPa.

To determine a more accurate value of the pressure induced shift inhe silicone per MPa, a
dielectric relaxation spectroscopy experiment is performed undeisostatic pressure at 600 MPa as

shown in gure .6 From the measurements realised by DRS under isoatic pressure at 600 MPa, the
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coe cient can be corrected. The measurements at 0.1 and 600 MPa show &g shift of 100 K. The
value of the shift can be adjusted 0.17 K/MPa at 1 s * and 0.18 K/MPa at 10° s ! for the PDMS
used for the experiments. These DRS results also show the preesice of the pressure e ect on the
molecular chain mobility which induces the dynamic glass transition fnenomenon 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 ml industrial application. A
speci ¢ experiment was designed to get data on the mechanical propads 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 corement under laser shock,
a pure aluminium coating (99.9%) of the tape was realised by Dephys. A thikness of 10 m
was deposited on both face of the acrylate tape. VISAR measurements were ¢h performed on the
acrylate tape con nement with its coating. Figure gives a represerdtion of the laser setup.
The con nement used for these laser shots were water droplets as the pfication 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]. Figuré 4.15 givethe thickness ablated at the
surface of the shocked target depending on the laser intensity. Ththickness ablated by the laser pulse
between 0 to 6 GW/cm? 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 aylate tape con nement.

4.2.2 Spallation threshold

First the value of the damage threshold was determined through the backice velocity pro les

obtained. If the target is damaged on the impacted area, the shockwave wihot be able to go back
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(@) (b)

Figure 4.14: (a) Set-up used for the VISAR measurement performed on the aglate 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 usedTargets are pure aluminium and
the shots are performed with a 532 nm laser, 10 ns pulse, Gaussian pulg®&esults 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 casdise material can be partially
damaged and present peak witnesses of the shockwave being able to golbaad forth in the material
but while being strongly attenuated compared to a normal prole. Figure [4.18 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 obserde

@) (b) ()

(d) (e) ()

(9) (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/cn¥. (i) Damage threshold values found with the velocity
pro les.

Figure [4.18 can be divided in three parts:

" Under 0.86 GW/cm?: The shockwave goes back and forth the material without any problem, tfe

shockwave velocity pro le is similar to the ones observed in whi shocking aluminium targets.
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Another di erence with a typical velocity pro le obtained for a shoti n an aluminium target, is the
time of application of the pressure, seen with the di erence in ful width half maximum. In the
case of aluminium the FWHM ranges between around 55 to 30 ns depending onéHaser intensity
chosen. In this experiment the acrylate tape con nement demonstraéd a FWHM ranging from
240 to 407 ns depending on incident laser energy. This shows that the lexation time of the
polymer chains vastly changes depending on the pressure applied dog 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 pressureinduced dynamic glass
transition does not take place as quickly as the speed at which the shkwave 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 theesond time the shockwave
hits the back face of the polymer takes place at a time when a larger if nothe whole material
has undergone a dynamic glass transition to a glassy state, thus resultinin a higher mechanical
impedance and consequently a higher material velocity. The third gak reaches a considerably
lower maximum velocity due to the attenuation of the shockwave whie it goes back and forth

in the material.

Between 0.86 and 0.93 GW/cn?: The velocity pro le shows signs of damaging or beginning of
damaging. In gure , 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 agairivieen 2340
and 2430 ns for the second peak. These two peaks are withesses of damaging & #trylate
tape on its backface. The third peak follows a similar trend to the one okerved for the lower
laser intensities. The pro les at 0.93 GW/cm? shows di erent trend. The red line shows the
same tendency as the pro le at 0.80 GW/cn? in gure 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/cm?
pro le the grey line shows a fully damaged acrylate tape with no additioral 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 attarated peak (blue

line).
" 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 proanced 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/cm?) where the maximum velocity stays
constant between 180 to 200 m/s. The second parts starts at 1 GW/crA with the maximum of the
rst peak always around 220 m/s except for the pro le at 1.20 GW/cm ? where the backface velocity
starts to increase again due to the pressure e ects inducing an eadr raise of the Young's modulus
during the shock. The images taken after the di erent laser shots on he front and back face are given
in gure 4.17]for di erent laser intensities covering the cases befre, during and after the damaging

threshold.

@) (b) ()

(d) (e) (f)

Figure 4.17: Images of the acrylate tape coated in alumnium after shots at di eent laser intensities.
(a) front face and (d) back face before damaging threshold: 0.73 GW/crf, pulse duration 7 ns, spot
size 3.68 mm. (b) front face and (e) back face at the damaging threshold: 0.93\®/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 [(4.17p), therinpact point of the laser
pulse still shows a layer of aluminium coating that covers the acryhte tape beneath. This aluminium
layer is scratched more and more while the damaging threshold is reactie 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 derence
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in target material compared to Sollier's experiments is a possible gdanation of those di ering results.
The back face of every targets presented show the same pattern of cracksduced by the pressure
produced and transmitted to the back face. Reaching incident laseenergies higher starts to induce a

large deformation of the back face of the target.

(@) (b)

Figure 4.18: (a) backface velocity pro le of a laser shock at 2.85 GW/cm 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 withO m pure
(99.9%) aluminium. (b) Front and back face images of the target after shot.

Figure gives an example of the front and back face observed on a target aftarlaser shock
at 2.85 GW/cm? 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 aluminium coating on the shocked
side which leads to surface damaging of the acrylate tape. Darkening of éhsurface on the laser spot
area shows the pyrolysis of defects in the polymer under laser irradtion. The back face shows the
outline of the shockwave can be seen. The area covered by the shaave on the backface appears to
be larger than the laser spot size used. This observation is in agreementith the observations of the
propagation of a shockwave in an aluminium or any metal alloys by nite elenent modelling (see gure
[4.19). The dot observed in the middle of the backface corresponds to the BAR probe laser going
through the aluminium coating and starting to burn the polymer due to its high energy. Under the
in uence of the pressure on the back face, the aluminium coating is deriorated, allowing the probe
laser to starts damaging the acrylate tape underneath. The behaviour of he acrylate tape starting

1100 ns can be explained by the cracking of the backface of the target as well #s damaging of
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the acrylate tape by the probe laser. Since the probe does not come inttontact 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, thickess 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 alawed was the change in the
time at which the front shock reaches the backface of the target. With he use of a higher pressure the
shock arrived earlier. Figure[4.21 shows the di erent backface velcity pro les obtained at di erent
laser energies while using the acrylate tape coated in aluminium as targén a water con ned regime

under the damaging threshold.

The front shock reaching the backface sooner with higher pressuradicates that the mechanical
properties of the acrylate tape evolve depending on the pressure agpt on its surface. Following the
equation (for more information se€ B), the shockwave speed changesirthg the shock with the

transition of the acrylate tape to a glassy state by the reduction of its nplecular chain mobility under
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(@) (b)

Figure 4.20: (a) Backface velocity pro les obtained by VISAR measurement onl 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/cn? is 3.68 mm while the shot at 0.35 GW/cn? used a 5.54
mm spot size. (b) Normalized rst peak of the di erent pro les presented.

stress and strain rate.

P= Du (4.3)

The increase of the shockwave velocity D" can be seen on gurg 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 experim&l 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 averageelocity of the shockwave
during its travel once the shockwave already passed through the mat&l one time inducing an at
least partial glassy state. In this case, the thickness just has to be mitiplied by two to take into
account the wave going back and forth in the material to reach the backface ore again.Tableg 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 sick.

The shockwave velocity as well as the material velocity are increasg 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 speedD", full width half maximum and material velocity "u"
depending on the laser intensity used for a laser shock on a 1 mm acagk tape target coated on both
faces in 10 m of pure (99.9%) aluminium.

Laser intensity D D FWHM  FWHM u u
1t peak 29 peak It peak 29 peak T peak 29 peak
GW/cm ? 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 theoMng's modulus, speed of the sound
and density of the material under shock. The di erence on each parametr 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/cfmand 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 thequation P = Du (with ug 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/cn? is mainly governed by the shockwave velocity variation
since the material velocity practically does not change between therst and second peak. This leads
to a lower pressure on the second peak at this laser intensity whicin 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 observatn indicates that in between the
two peaks, the material is only partially glassy. This also means that by nducing a shockwave with
a pressure high enough in the material, the entirety of its thicknes can be transitioned to a glassy
state. Reaching such a pressure would induce a "stable" set of meahical properties parameters in

the material as its state would not be evolving during the shockwave popagation.

The last mechanical parameter that can be studied through these veloty pro les is the strain rate
evolution depending on the laser intensity used as well as betweer¢ rst and second peaks. Figure
shows that the steepness of the rst peak of the prole is indepedent of the laser intensity
chosen, meaning that the strain rate is not a ected by such a variation of ncident laser energy. This

can either mean that the strain rate is not a ected by the laser energy inthis material or that the
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energy variation is too small to induce a noticeable e ect in the materal. The variation of the strain
rate was also studied between the rst and second peak of the same pro lat di erent laser intensity.
Figure [4.21 shows the two peaks superimposed at the four intensitiealready shown before. The

steepness between the rst and second peaks is decreasing on eachtpl

(@) (b)

(c) (d)

Figure 4.21: Superposition of the normalized rst and second peaks of veldy pro les at di erent
laser intensities. (a) 0.13 GW/cn?, (b) 0.19 GW/cm 2, (c) 0.25 GW/cm? and (d) 0.35 GW/cm?2.

The steepness of the second peak decreases with higher laser iniéas. The slope for 0.13, 0.19,
0.25 and 0.35 GW/cn? 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[4.1P. Under high pressure and strain rate a matei like the acrylate tape
with rubbery properties and subject to glassy transition seems to rhibit a di erent behaviour at

low and high pressures (or laser intensity). Under a pressure of therder 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 éasntensities higher than

the damaging threshold ( 0.86 GW/cm?).

4.2.3.2 Properties at higher pressures

The characterization of the mechanical properties was extended to lasentensities higher than
the damaging threshold (up to 10.13 GW/cm?). Figure 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.

@) (b)

Figure 4.22: (a) Backface velocity proles extracted from VISAR experimeits at laser intensities
ranging from 0.13 to 10.13 GW/cn? on a 1 mm acrylate tape target coated on both sides by 10m
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 depeling on the laser intensity of
the laser shot.

The shots previously shown in gure[4.20& are also added for comparison. ThHeehaviour at higher
laser intensities demonstrates di erent mechanical behaviour. The steepness of the prole becomes
a lot more pronounced starting 1.04 GW/cn? and getting more and more steep until 8.32 GW/cn?
where is stops evolving, mainly due to the breakdown threshold beip reached thus preventing the
pressure produced from going higher. The time needed for the showalave to reach the backface of the
target goes from 842 ns to 390 ns thus expressing the large evolution of the si&nical properties of the
acrylate tape target under high stress/strain rate conditions. No study ofthe mechanical parameters

between the rst and second peaks of the proles could be done here duto 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 provideth [I95] since it has been
validated between 1 to 10 GW/cm?. Under 1 GW/cm? 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 thus the values given by most models at low intensities hae higher uncertainties than
the results at laser intensities above 1 GW/cn?. 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 intenal code ESTHER which
appears to be a better alternative compared to Abaqus for pressure praction from laser experiments
while also giving access to the plasma temperature and others varialdehrough its calculations. The
results given should still be taken carefully as they present an urertainty higher than 15%, especially
considering the measurements realised were done with a top-hat psg instead of the Gaussian one

used with the Hephasstos laser. The pressure measurements under 1 GW/cfrare given in gure .

Figure 4.23: Maximum pressure depending on the laser intensity throgh the use of the ESTHER
code, con ned regime, 7 ns top-hat pulse, 532 nm (results taken from [21)0]

The shockwave velocity as well as the material velocity are calculad using the same method
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described above. Finally, the density is calculated using the Rakine-Hugoniot equation:

oD= (D u (4.4)

With ¢ = 0.935, the value was calculated with a density scale on the acrylate tape pgimer. Figure
[4.24 shows the results of the calculation of these di erent parametersiepending 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:

" The pressure plot in gure 4.243 describes the classic trend for laseshots with this type of set
parameters. The pressure increases along with the laser intensityp to 7 GW/cm 2 when the
breakdown threshold is reached, corresponding to a pressure of 8 @P After that point, the
pressure reaches a plateau and the results extracted become moremhissed. This is caused by
the breakdown plasma which absorbs incident laser energy. Due to thprocess not being really

repeatable from one shot to another, the resulting pressures obtainedre unstable.

The material velocity "u", equal to the rear free surface velocity divided by two (the veleity
obtained on the velocity pro le generated by the VISAR experiment)follows a linear increasing

with the pressure.

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 aaround 2125 m/s. This
phenomenon can also be observed on guife 4.4 with multiple backface vedity 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 risind) stops going higher as well.

Finally the density variation matches the variation of the shockwave velocity. Considemg
equation[4.4, it is consistent with the calculation that is more in uenced by the value of D 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 1.09@t 6.6 GPa. A second plateau
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caused by the breakdown phenomenon which prevents the densitydm going higher passed this

laser intensity.

@) (b)

(© (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 bothdes by 10 m
pure, 99.9% aluminium (a) Pressure depending on the laser intensityb) material velocity depending
on the pressure produced, (c) shockwave velocity depending dhe 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 usingZ = D . The result is given in gure B.25 and compared with results
obtained with water that have been extracted from measurement of the Bockwave velocity depending

on the pressure realised by Bardy et al.[[210].

The results obtained show a lower impedance developed by the acate tape con nement un-

der laser shock conditions compared to the water con ned regime. Everhough their impedance
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Figure 4.25: Impedance depending on the pressure applied for the acatke tape con nement and water
con nement from Bardy et al. work [210].

at P 0 GPa are close Zwater = 1.48.10° g.cm 2.s ! for water at | =0 GW/cm 2 and Zacryiae =
1.17.1¢ g.cm 2.s 1 at 1.1 GPa for the acrylate tape con nement), the water impedance reachs
higher impedances while under higher laser intensities and heecigher pressures. The maximum val-

ues reached are for water and acrylate tape, respectively 4.47.3@.cm 2.s ! and 3.02.1¢ g.cm 2.s 1.

4.2.3.3 Mie-Gruneisen parameters extraction

The Mie-Gruneisen equation of state is linked to the pressure and volume in a ddl at a set

temperature. It can be written as:
dpP

=V —
de

(4.5)

With:

. the Greneisen parameter which represents the thermal pressure from atsof vibrating atoms.
V: the volume.
P: the pressure.

e: the energy.

If the Greuneisen parameter is considered to be independent from the prag®e and energy then the
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