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Preface

This manuscript has been written with the goal of reviewing surface modifications of
materials by using the high current pulsed electron beam (HCPEB) technique. It gathers results
of many previous and present investigations carried out by the author and other scientists who
have worked on this specific subject.

The manuscript can be divided into 5 chapters. Chapter I is a general introduction of the
high current pulsed electron beam technique. In this chapter, the development and the
configuration of the HCPEB system are reviewed.

In Chapter II, physical models have been established to describe many thermal and
mechanical processes occurring during the HCPEB treatment of materials, such as melting,
diffusion, stress wave propagation and evaporation. Based on the numerical simulations, we
have revealed that all the HCPEB treatments can be simply divided into three types: the heating
mode, the melting mode and the evaporating mode. This classification is the key to understand
many modifications induced by the HCPEB treatment on materials.

Chapter III presents several special phenomena generated by the HCPEB treatment on
different materials such as metastable phase formations, special surface morphologies, selective
surface purification and texture modifications. Many of them are presented - separately within
sub-chapters concentrating on the three different treatment modes - and discussed at the light of
the physical models established in Chapter II.

In Chapter IV, the possible applications of the HCPEB technique on metallic and
intermetallic alloys have been discussed. These applications includes surface hardening and
softening, rapid surface alloying, enhanced diffusion, improving corrosion and wear resistances.

Finally, Chapter V gives the overall conclusions concerning the recent findings and the
perspectives on future works that should follow the present thesis.
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Résumé

Avec le développement des sciences et des technologies modernes, il est nécessaire de
trouver et de développer des matériaux de haute qualité. Un exemple récent est le développement
des matériaux nano structurés qui présentent des propriétés trés nouvelles et beaucoup
d'avantages par rapport aux matériaux conventionnels a gros grains. Par ailleurs, 1’amélioration
des propriétés des matériaux conventionnels par de nouveaux procédés a également entrainé un
vif intérét. Dans de nombreux de cas, la nature de la surface du matériau est importante. En
particulier, la résistance a la corrosion, I'usure et la fatigue sont essentielles pour de nombreuses
applications industrielles. Les traitements de surface sont considérés comme des méthodes assez
efficaces pour améliorer la qualit¢ des matériaux. Des méthodes de traitement de surfaces
conventionnelles, telles que la nitruration et la carburation, ont déja été¢ appliquées dans
l'industrie pour optimiser le comportement de nombreux matériaux. Par contre, ces méthodes sont
trés coliteuses en énergie et en temps. Les interactions des faisceaux énergétiques tels que les
faisceaux d'ions, d'¢lectrons et le laser avec les matériaux ont été ¢tudiées pendant plusieurs
décennies. L'application de ces faisceaux énergiques dans l'industrie est trés intéressante pour
modifier les propriétés de la surface des matériaux métalliques.

La technologie des faisceaux énergiques peut étre divisées en deux catégories : les faisceaux

continus et les faisceaux pulsés. En plus du traitement des surfaces, les faisceaux continus ont



Doctoral Dissertation of Paul Verlaine University of Metz

déja trouvé des applications dans I’industrie comme le percage, la découpe et la soudure. Des
systemes a base de faisceaux pulsés sont maintenant aussi en cours de développement pour le
traitement de surface des matériaux. La caractéristique principale des systémes pulsés est la
densité d’énergie trés ¢élevée transfere vers la surface. Elle induit les cycles thermiques plus
rapides.

Parmi les faisceaux énergiques, les faisceaux d'électrons ont été longtemps étudiés et
appliqués dans l'industrie. De maniére naturelle, il est classique de les diviser en faisceaux
d'¢lectrons continus et faisceaux d'électrons pulsés. Les faisceaux d'électrons continus sont
connus pour étre utilisés dans l'industrie du soudage et d'autres traitements.

Au sein des techniques concernant les faisceaux d'¢lectrons pulsés, la technique ‘High
Current Pulsed Electron Beam (HCPEB)’ est assez récente. Elle a ét¢ développée a I'institut
d'¢lectronique des fortes intensités de Tomsk, en Russie. Au début des années 90, le groupe de
recherche mené par le Prof. Proskurovsky a créé une source pulsée a forte intensité de faisceau
¢lectronique, qui contient un canon a ¢électrons avec une cathode d'émission et une anode de
plasma. La source possede les parametres suivants : énergie d'é¢lectron de 0.5 a 40 keV ; durée
d'impulsion de 0.5 & 5 us ; densité d'énergie de 0.5 a 40 J/cm® ; section de faisceau de 10 & 50 cm?
et fréquence d'impulsion de 0.2 Hz. La technique HCPEB a été étudiée par Proskurovsky et al.
pour le traitement d’alliages industriels. Ils ont suggéré que la technique HCPEB peut étre une
méthode efficace pour la protection thermique, le recuit rapide, le nettoyage et les modifications

chimiques de la surface. La source de faisceau d'électrons est la partie principale du systéme qui

10
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produit le faisceau d'électrons pulsé. La figure 1 montre un croquis du canon a électrons. La
cathode est faite de graphite. L'anode est en acier inoxydable percée en son centre pour permettre
le passage des ¢lectrons. Le faisceau d'électron est transporté par le plasma d'anode au collecteur.

Pour empécher le faisceau de converger et de se disperser, un champ magnétique externe - créé

par un solénoide - est appliqué.

(1) cathode (2) anode (3) collector (4) vacuum chamber (5) cathode plasma (6) anode plasma (7)

solenoid (8) spark plasma sources (9) specimen (10) plasma sheath (11)electron beam

Fig. 1 Diagramme schématique de la source de HCPEB.

Quand un faisceau d'¢lectrons avec une densit¢ d'énergie donnée irradie une surface de
matériau, plusieurs phénomeénes peuvent apparaitre a la surface du matériau. Pour le cas du
HCPEB, trois zones différentes sont habituellement rencontrées. Une illustration schématique de

ces zones est montrée dans figure 2.

11
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— - Temperature-affected zone

g —- Stress wave propagation zone

|} )
Melted zone (potentially)

Fig. 2 Des zones différentes dans les matériaux traités par le HCPEB.

Généralement, la zone présentée sur la surface supérieure est une zone qui a €té fondue et
ensuite solidifiée rapidement. Elle est souvent de quelques um d'épaisseur mais peut étre évitée,
en particulier pour les matériaux ayant une conductivité thermique importante ou si I'énergie du
faisceau d'électrons est suffisamment réduite. Au-dessous de la zone de fusion, se trouve la zone
affectée thermiquement (ZAT), qui se prolonge généralement sur quelques dizaines de um. Enfin,
une derni¢re zone est présente en raison de la propagation de I'onde de choc et des contraintes
thermiques. La dureté du matériau peut également étre fortement affectée. Cette zone peut avoir
une profondeur beaucoup plus grande que la ZAT. Aprés un nombre d’impulsions suffisant (en

général 15~20), cette zone peut se prolonger jusqu’a quelques centaines de um sous la surface.

Quand un faisceau d'¢lectrons irradie un matériau, un champ mobile de température est

12
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produit dans la couche de surface en raison de I'absorption de I'énergie du faisceau. Le champ de

température peut €tre décrit par I'équation thermique suivante:

oT 0 or
pe(l) =AU )+ L,(x.0)

(),

avec les conditions initiales :

T(x,0)=T,
(2),

et aux limites:
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Fig. 3 Distribution du champ de température a la surface d'Al irradiée une fois par

HCPERB (densité d'énergie S=3 J/icm’, t~1.5 us).

Comme exemple, la figure 3 présente 1'évolution de la température simulée en fonction du
temps et de la profondeur dans le matériau dans le cas d'Al pur trait¢ par HCPEB. La durée
d'impulsion est de 1.5 s ; la densité d'énergie d’environ 3.0 J/cm® et la tension d’accélération de
27.8 kV. La mod¢lisation permet d’évaluer un certain nombre de parameétres. Pour avoir un ordre
de grandeur, nous avons par exemple dans ce cas les paramétres suivants. L'épaisseur de la zone
fondue est d’environ 2~3 micromeétres. La vitesse de solidification est de 3~5 m/s, la vitesse de
chauffage est d’environ 10° K/s, et le refroidissement de 10* K/s. En changeant les paramétres de

faisceau d'électrons, nous avons aussi constaté que la fusion commencait dans une couche au-

14
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dessous de la surface parce que la distribution d'énergie du faisceau d'électrons n’est pas

homogene en profondeur et qu’il y a un maximum en sous-couche.

Figure 4 montre les profils de température typiques produits dans la surface supérieure d'un
matériau traité par HCPEB avec des densités d’énergies différentes. Comme indiqué dans la
figure, pour le traitement a basse densité d’énergie, la température a la surface du matériau ne
peut pas atteindre le point de fusion (melting temperature : Tm) pendant le traitement. C’est un
mode de traitement que nous appelons le mode ‘chauffage’ (Heating). De méme, les modes de
traitement pendant lesquels la température a la surface supérieure permet d’atteindre les points de
fusion ou d'ébullition (boiling temperature : Tb), s'appellent respectivement les modes de fusion
(Melting) et d’évaporation (Evaporating). Cette distinction entre ces trois modes de traitement

est, nous pensons, trés importante pour obtenir toutes les capacités de cette technique.

Temperature profiles in the top surface

"Evaporating” mode
/\ <_
m \
"Melting"N

"Heating" mode

Temperature
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3.0 J/cm?

2.0 J/em?

1.2 J/em?

Fig. 4 Profils de température typiques a la surface d'un matériau (Mg) par traitement
HCPERB avec des densités différentes d'énergie (1.2 J/cm?, 2.0 J/em?, 3.0 J/cm?), montrant

les trois modes de traitement.

Pour le traitement par HCPEB sans fusion de la surface, 1'effet du champ de contrainte joue
un réle important en déterminant 1'état final de la structure. Il y a deux types de champ de
contrainte induits par le bombardement sans fusion : les sollicitations thermiques quasi-statiques
et les sollicitations thermiques dynamiques.

Les résultats des calculs ont montré que la sollicitation thermique dynamique a généralement

16
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une amplitude trés faible ; de I'ordre de quelques centaines de kPa. Par contre, la contrainte quasi-
statique qui est produite par la différence de dilatation thermique latérale a une amplitude de
quelques centaines de MPa. Elle se concentre principalement dans la ZAT et son intensité change
avec la distribution du champ de température.

Dans certains cas, le HCPEB peut mener a l'évaporation significative sur les matériaux
traités quand leur point d'ébullition est atteint pendant le traitement. Pour les calculs en mode
‘évaporation’, ’Equation 1 a été résolue dans un systéme mobile afin de tenir compte de la
couche évaporée.

Les modifications de surface liées aux différents modes de traitement HCPEB ont été
¢tudiées dans cette thése. Des techniques telles que le MEB, ’EBSD, le MET, la diffraction de
rayons X et le SNMS ont été utilisées pour analyser dans le détail les modifications en surface et
en sous couche dans les matériaux traités par le HCPEB. Des phénomeénes observés sous les trois

modes sont détaillés ci-apres.

a) Mode ‘fusion’

Les principaux résultats correspondant aux matériaux traités en mode ‘fusion’ sont :
1. Homogénéisation de la couche fondue.

Le HCPEB est démontré étre une méthode efficace pour réaliser I'homogénéisation de la
surface de matériaux métalliques qui contiennent des précipités/inclusions. Le traitement induit la

formation de cratéres par des éruptions initiées aux niveaux de ces secondes phases. En

17
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conséquence, on observe une purification sélective de la couche fondue. La réduction de la
densité d’inclusion réduit la fréquence des événements d'éruption sur la surface. Finalement,
apres un nombre suffisant d’impulsions, ceci mene a la formation d'une surface homogene ou la

quantité de crateres est tres réduite.

2. Formation de grains ultra fins et de nano-structures

Les résultats recueillis ici montrent le potentiel treés fort pour la nano-cristallisation de la

surface des matériaux, pouvant rendre possible des propriétés améliorées par la technique

HCPEB. Pour illustration, la figure 5 donne une image MEB de l'acier D2 traité apres 25

SEl 15.0kY  X15,000 1um WD 14.9mm
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Fig. 5 Micrographique MEB typique de la surface d’'un échantillon D2, montrent des

grains tres fins.

3. Formations de phases métastables.

Les cycles thermiques rapides produits par le traitement HCPEB ont le potentiel de produire
des structures métastables, particulierement dans le cas des aciers. Par exemple, 'austénite a été
retenue jusqu’a la température ambiante dans l'acier D2 traité par HCPEB. Ceci a été associé¢ a
I’effet des éléments Cr et C et de la taille des grains ultra fins qui inhibent la transformation
martensitique. Des transformations différentes ont ¢été observées dans la méme couche
superficielle quand la composition chimique de la zone fondue n'était pas homogene. Une
structure ultra fine de la ferrite mélangée avec de la martensite a été trouvée sur 1'échantillon
d'acier H13 trait¢ par HCPEB. Ceci illustre l'impact fort de la composition initiale sur la
microstructure finale apres traitement de HCPEB. Ceci a été confirmé par I’étude de différents

aciers au carbone.

19
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4. Formation des textures spécifiques.

Le traitement HCPEB induit a des structures ultra fines ayant des textures de solidification
originales. Ceci fut observé pour des couches fondues (i) d'austénite (fcc) métastable pour I’acier
D2 et (i1) de phase B2 stable dans le cas d’un alliage & mémoire de forme NiTi. Dans les deux
cas, la solidification rapide des phases sursaturées a conduit a une texture de fibre mixte <100>
(faible) + <110> (forte). A ces textures atypiques ont été associée des densités €levées de joints
correspondant a des macles. La formation des joints de macle est vraisemblablement un

mécanisme contribuant a la formation de la composante <110> de la texture finale.

Figé6 Cartographie d’orientation EBSDXorrespondant a la surface de l'échantillon

de NiTi traité avec 20 impulsions.



Fundamentals of surface treatments by HCPEB

La figure 6 montre une cartographie d’orientation typique obtenue sur I'échantillon Ni
(50.6at%)Ti traité¢ avec 20 impulsions en mode ‘fusion’. Tous les grains sur la surface ont été
classés comme correspondant a la phase austénitique de (B2) NiTi. L’image est presque
totalement dominée par des grains verts, qui correspondent aux grains ayant une direction <I110>

perpendiculaire a la normale de 1'échantillon.

5. Formation d’alliage en surface.

La formation d’alliage en surface d'échantillons en utilisant le procédé HCPEB est aussi une

manicre efficace d’améliorer les propriétés des matériaux. Par exemple, des couches pré enduites

déposées a la surface peuvent étre rapidement mélangées au substrat pendant la fusion. Ceci peut

mener a la modification des phases et des compositions dans la couche superficielle.

6. Durcissement en sous couche.

21
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Basé sur une description des processus thermomécaniques liés au bombardement HCPEB,
nous avons pu préciser que les modifications en profondeur sont provoquées par des sollicitations
quasi-statiques et d’autres associé¢es a la fusion. L’onde de contrainte intense modifie ainsi la

dureté en dessous de la surface sur une profondeur de quelques centaines de pm.

b) Mode ‘chauffage’
Sous l'action combinée de la température et des champs de contrainte, il a ét€ montré que des
modifications significatives des microstructures et des compositions €taient possible a la surface

méme sans fusion. Les principaux effets du traitement HCPEB en mode ‘chauffage’ sont :

1. Efficacité des cycles thermomécaniques.

Il est clair que l'irradiation du HCPEB produit un champ dynamique de température a la
surface du matériau. Simultanément a 1'effet thermique, l'impulsion crée un champ de contrainte
dynamique qui cause un écrouissage intense a la surface du matériau et en sous-couche. La
déformation locale dépend de I’orientation des grains et génére des réponses locales différentes.
Pour l'acier inoxydable 316L, des macles sont activées dans les grains ayant un axe <I11>
paralléle a ND. Par contre, des gradients de désorientation assez important créés par 1’activité du

glissement cristallographique sont observés dans les autres grains. Pour I’intermétallique FeAl, la
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différence locale de déformation se traduit aussi par le fait que les grains ayant un axe <100>

proche de la perpendiculaire a la surface se situent a un niveau inférieur aux autres grains.

2. Modification de la texture et affinement de la taille de grain.

De facon assez remarquable, le traitement HCPEB permet aussi de modifier la texture et la
taille des grains en surface d’un matériau sans fusion. Pour étudier les modifications de texture
induites par le traitement HCPEB sans fusion de surface, 1'alliage intermétallique Fe (40 at%) Al
a été choisi. L’échantillon initial a une texture de fibre <110>// ND avec une intensit¢ maximum
a environ 6.5 fois I’isotropie. La figure 7 montre une image typique d'orientation d'EBSD de
I'échantillon traité¢ avec 20 impulsions sans fusion de la surface. La surface de I’échantillon FeAl
caractérisée initialement par une texture de fibre <110>// ND a été modifiée en une fibre <321>.
Beaucoup de grains ne montrent plus la couleur verte comme le matériau initial. Figure de poles
de 1'échantillon (Fig. 7b) prouve que la texture consiste maintenant en une fibre centrée sur
<321> avec une intensité maximale a environ 3 fois 1’isotropie. La distribution de désorientation
des joints de grains a changé: la fraction des joints de grains de faible désorientation a fortement
augmenté. En méme temps que l'évolution de texture, nous avons observé un affinement de la
taille des grains. Les deux effets sont dii a la formation de nouveaux joints de grains (de faible
désorientation) induits par les cycles répétés de la déformation et du restauration / recristallisation

dynamiques pendant le traitement HCPEB.
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Fig. 7 Image d'orientation d'EBSD de la surface de I’échantillon Fe (40at%)Al traité avec 20
impulsions (a), la figure de pole inverse correspondante (b) et les distributions de désorientation

des joints de grain (c).

3. Purification de la surface.
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Fig. 8 Micrographies typiques observées sur la surface des échantillons traités avec 5 (a) et 20

(b) impulsions.

La figure 8 montre les micrographies typiques de la surface prise sur les échantillons aprés 5
et 20 impulsions. Aprés 5 impulsions, beaucoup de particules sphériques sont présente a la
surface (Fig. 8a). Elles sont presque totalement absentes apreés 20 impulsions (Fig. 8b). Par
conséquence, les observations confirment qu'une purification sélective s'est aussi produite sous le

mode ‘chauffage’.

¢) Mode ‘évaporation’
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L'effet du traitement HCPEB pour modifier les surfaces des matériaux sous le mode
‘évaporation’ a ¢té étudié. Des phénomenes d'évaporation significative et de re-condensation sur
la surface a ét¢ mis en évidence par un modele physique établi pour rendre compte de

I’évaporation. Les caractéristiques principales produites par le mode ‘évaporation’ sont :

1. Modifications de ’aspect de la surface.

L'action du faisceau d'¢lectrons en mode ‘évaporation’ est de modifier la morphologie de la
surface et lui donne une forme onduleuse. Cet aspect onduleux est la conséquence de la
combinaison (i) de fusion et d'évaporation « locale » sélective et (ii) de la déformation dans la

couche fondue sur la surface des alliages.

2. Evaporation sélective.

Le mode ‘évaporation’ peut produire de I'évaporation sélective de certains éléments
chimiques a la surface des alliages traités. Le mod¢le physique proposé pour décrire cette
évaporation sélective a donné des profils simulés de composition en assez bon accord avec

l'expérience au début du processus d'évaporation.

3. Phénomeénes d'évaporation/condensation.
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L'effet du mode d'évaporation est plus prononcé aprés un nombre suffisant d’impulsion et
une partie de la vapeur re-condense a la surface. Ceci est clairement montré par (i) la présence de
petites protubérances sur la surface ondulée et (ii) des distributions spéciales de composition en

extréme surface liée a 1I’évaporation intensive suivie de cette re-condensation.
4. Modification de la texture spéciale.

Une fibre forte caractérisée par <110> // ND est donc aussi créée dans l'alliage NiTi traité
apres le traitement HCPEB sous le mode ‘évaporation’. Il existe toutefois des différences
marquées par rapport au mode ‘fusion’. En effet, (i) les grains qui ont <110> // ND sont souvent
des petits domaines isoles et (i1) lorsqu’ils sont groupés ensemble, ils ne sont pas séparés par des

joints de macle.
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Fig. 9 Cartographie d’orientation typique sur un échantillon NiTi traité avec 10
impulsions en mode ‘évaporation’.
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La figure 9 montre une image d'EBSD dans le cas d'un échantillon NiTi traité avec 10
impulsions d'énergie élevée. L’image indique que la plupart des petits grains ont la couleur verte
(<110> prés de ND) ou rouge (<100> pres de ND). En outre, il est intéressant de noter dans la
figure 9 que les petits grains ont des couleurs (orientations) indépendantes de celles des gros

grains sous-jacents.

Mon document se termine par une revue des applications potentielles de la technique
HCPEB pour améliorer les propriétés des matériaux. Sous les trois modes du traitement, on voit
que le traitement HCPEB est une maniere efficace pour modifier les propriétés des surfaces des
matériaux métalliques et intermétalliques. Avec la combinaison des cycles thermiques rapides et
des champs dynamiques de contrainte, il est possible de modifier sensiblement les
caractéristiques de la surface et, dans beaucoup de cas, d'améliorer les propriétés mécaniques plus
rapidement et plus efficacement qu’avec des techniques conventionnelles de traitement de

surfaces. Par exemple, la dureté et la résistance a l'usure des surfaces sont efficacement
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améliorées en raison des formations de structures a grains ultra-fins. L'effet de la purification
s¢lective peut produire des couches de surface aux propriétés améliorées permettent une
meilleure résistance a la corrosion. Nous avons proposé d’autres applications du traitement

HCPEB pour l'industrie. A titre d’exemple : les surfaces pouvant étre durcies ou adoucies.

I1 est clair que le potentiel de la technique HCPEB nécessite un bon contrdle des parameétres

de traitement pour modifier la surface des matériaux sous le mode de traitement le plus approprié.
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Chapter | Introduction

1.1 Development of energetic beams for surface modifications

With the development of modern science and technology, such as aeronautic, atomistic,
electronic and biology, there is an increasing requirement of searching and developing high
quality materials. One of the recent examples is the world increasing interest of the
nanostructured materials which often show novel properties and have many advantages over
conventional coarse grained materials [1-3]. On the other hand, methods for treating conventional
materials to obtain required properties have also attracted great interest [4-7]. In many cases, the
nature of the material surface is of major importance; in particular for corrosion, wear and fatigue
resistance properties, which are of interest for industrial applications. The general concept of the
surface treatment is to implement a layer at the material surface having different chemistry and/or
microstructure in order to obtain certain properties that are necessary for applications.
Conventional surface treatment methods, such as nitriding, carburizing, etc., have already been
widely used in industry to harden and strengthen several types of work pieces [8-15]. However,
these methods are usually time and energy consuming, and in special cases, can not be used or

can not meet the requirement of applications.

The interaction of energetic beams such as ion, electron and laser beams with materials has
been studied extensively over the past few decades [16-25]. The application of these energetic
beams in industry has been of increasing interest to modify the surface of metallic materials
[25-30]. Compared with conventional surface treatment methods, these energy beam technologies
have their own advantages. They can be applied almost on all kinds of materials with different
shapes. They are also clean to the environment and efficient in utilizing the energy. Depending on
the continuity of the beams, the energetic beam technologies can be roughly divided into two
types: continuous beams and pulsed beams. In addition to surface treatment, high power beams of
continuous wave (cw)-system also have a wide field of applications like drilling, cutting and
welding [31-37]. In contrast, high power systems involving pulsed beams are now also under

development for surface treatment. The main feature of the pulsed systems is the high power
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density of 10’-10'> W/cm? at the target surface, which induces very fast thermal cycles within a
narrow depth of the materials’ surface layers. A schematic illustration of the working processes of
continuous beam systems and pulsed beam systems is shown in the Fig. I-1. For the continuous
beam systems, the processing starts and then keeps running during which the vapor generated by
beam irradiation may disperse the incident beam energy and reduce the energy utilization rate.
Comparatively, the output of pulsed beam systems is discontinuous. The “real” processing starts
and finishes usually within a short time. Between two pulses, the surface layer will be rapidly
cooled down due to the heat conduction towards the bulk. In addition, the dispersion of beam

energy by vapor can be avoided.

Output A Output A
/‘1 A AS = Time 7i N = Time
Beam processing\ Dispersion by vapor Beam processing '
Vapor generated Vapor dissappears
Beam Beam
;] Treating areas : :
| Vapor
——
—4q. Treating areas
] HAZ
Heating Continuous Heat conduction Heating  Cooling Heating
energy deposition
(a) (b)

Fig. I-1 Schematic illustration of the surface modification
processes with a continuous (a) and pulsed (b) energetic beam.
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1.2 Electron beams

As a family member of the energetic beams, electron beams (EB) have long been studied and
used in industry [38-40]. Of course, they can be also simply divided as continuous electron
beams and pulsed electron beams. Continuous electron beams have long been used in welding
industry [31,32]. As for traditional electron beam welding and the more advanced techniques
such as surface texturing and surface sculpture processing, electron beams can be also used for

many other processing jobs. Several examples are given below:

1) Electron beam evaporation

Electron beams can be used for the evaporation of various metals to produce thin films on
numerous different substrates for many industry applications, such as the optical, electronic,
aerospace, textile, packaging and electronics industries. These industries produce items such as:
capacitors, magnetic devices, semiconductors, metal coated plastics, special photographic
products, and multi-layer systems for optical devices. Overlay coating is an equally important
industrial area using electron-beam evaporation. For example, coatings of turbine blades with

yttrium-stabilized zirconia for thermal barrier coatings.

2) Electron beam melting

High power electron beams can be used to easily process high melting-point metals in
vacuum furnaces. By using EB melt processing under high vacuum it is possible to melt and
refine metals via the removal of trapped gases and the evaporation of impurities with high vapor
pressures. This technology is used to process refractory metals such as tantalum, niobium and
molybdenum and reactive metals such as titanium and zirconium, as well as some platinum

metals.

3) Electron beam curing

Electron-beam curing of adhesives and resins is a technology which has the potential to

provide significant advantages for aerospace/automotive industries and some consumer
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applications. Unlike traditional thermal curing methods, electron beam curing has: shorter cure
times, low energy consumption, reduced volatile emissions, the ability to utilize low-cost tooling
materials, and control over curing energy-absorption profile. EB cured materials have been
shown to possess excellent mechanical properties, with low molded-in stresses, high glass
transition temperatures (Tg) and low porosity content. Electron beam processing offers a number
of other benefits over thermal curing. One of the most obvious is cost. Eight independent studies
have shown potential manufacturing cost savings of 25-65%. For prototyping alone, this could
rise to as much as 90-95%. This is because electron beam processing, as well as greatly speeding
up curing time, cures the materials at ambient temperatures, allowing tools to be made from very

low cost materials such as foam or wood.

As well as the above uses for electron beam they can also be used for localised in-chamber
vacuum brazing, diffusion bonding, heat treatment and many other conventional processing

techniques which can be performed under vacuum.

|. 3 Pulsed electron beams

Pulsed electron beam systems were firstly developed in the 50’s. For example, the pulsed
electron beam system used in Stanford university can provide electron beams with an
accelerating voltage of 10 kV, pulse duration 0.5-5 us, repetition rate 120 s, peak current 1 A
(current density 6 A/cm?) [41]. The early work concentrated mainly on the characteristics of the
electron beams, such as its stability and controlling parameters [42-44]. It was then used to anneal
ion implanted semiconductors [45-50]. Some investigations have revealed that the defects
induced by ion implantation in semiconductors can be greatly reduced by exposing the sample to
a low energy pulsed electron beam [51-53]. Several new types of pulsed electron sources have
been developed later [54-56]. For example, Brau et al. designed a simple pulsed electron gun
[54], which can provide an electron beam with an energy of 100 keV, peak current 10 A, pulse
duration 7 ns. The application of pulsed electron beams on the treatment of metallic materials
started from the 70s’ [57,58]. In the 1980s, Follstaedt and Knapp carried out a series of
experiments [59,60] on pulsed melting of pure materials as well as a broad spectrum of metallic

alloys.
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Compared with conventional surface treatment methods, the pulsed electron beam technique

has some essential advantages, as described below:

1.

Electron beam surface treatment only induces very limited change in the shape of the treated

samples. Therefore, it can be used as the final treatment for most of the applications;

The necessary time duration for surface treatment can be greatly reduced;

Energy consumption can be reduced since the utilization efficiency of the electron beam

energy can reach about 90%;

In most cases, it does not require a special cooling device;
It can be applied to workpieces with complex shapes;

The location of the electron beam irradiation areas and the working parameters can be
precisely controlled. Thus it is possible to treat a selected area on a workpiece and control the

depth of modified layer;
The surface modification is finished in a vacuum. Consequently, oxygen, nitrogen and other

harmful contaminations are avoided;

Rapid surface alloying can be simply achieved by precoating the alloying elements followed
by post treatment by the electron beam. This greatly reduces the consumption of the additive

elements.

Considering the advantages of pulsed electron beams and their possible applications in

industries, different pulsed electron beam systems were developed during the past few decades.

These include for examples: gepulste elektronenstrahlanlage (GESA) [61-63], pseudo-spark

pulsed electron beam [64-66], high current pulsed electron beam [67-73], etc. They have very

different characteristics depending on the electron energy, beam current density, pulse duration

and beam cross sectional area. The GESA II system, which is developed through a cooperation

between the Efremov Institute St. Petersburg in Russia and the Forschungszentrum Karlsruhe

(FZK) in Germany, can produce electron beams with the following parameters: accelerating

voltage 200-400 keV, power density up to 6 MW/cm?, beam diameter 4-6 cm, pulse duration

5-250 us. It can generate a melted layer with depth more than 100 um on Fe [62]. Due to the
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rapid solidification following melting, fine and homogeneous microstructures can be generated in
the surface layer. Several investigations have shown that the wear and corrosion resistances of the
treated materials can be effectively improved [61]. Surface alloying with Al of steel substrates
has also been attempted using the GESA facility for the purpose of improving the corrosion
behavior of steels in liquid lead and lead-bismuth [63]. An alloyed layer with depth up to 20 um
could be obtained. Such a thick Al alloyed layer provides a very good corrosion resistance against
liquid lead. The pseudo-spark pulsed electron beam can produce pulsed electron beam with
accelerating voltage 1040 kV, power density up to 10° W/cm®. However, the energy concentrates
only on a very small area with diameters of few hundreds of micrometers. These systems were
proposed to be used in refining the microstructure of the materials surface and surface alloying. A
kind of pulsed electron beam generated from the linear inductive accelerator LIU 3000 also exists
[74]. It has the following parameters: electron energy 800 keV, beam current 200 A, pulse
duration 107 s, repetition rate 0.5 Hz, beam diameter 20 mm. It has been applied on the

modifications of magnetic and transport properties of ferromagnetic materials [74].

1.4 High current Pulsed electron beam technique
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1. cathode, 2. spark source, 3. collector, 4. vacuum chamber, 5. solenoid, 6. rokovsky coil, 7. pulsed high-
voltage generator, 8. bracket, 9. electricity controller, 10. pulses trigger, 11. capacitor, 12. 13. manual
vacuum valve 1, 2, 14. 15. pump 1, 2, 16. electromagnetism valve, 17. diffusion pump, 18. nitrogen

Fig. I-2 Schematic diagram of the High Current Pulsed Electron Beam (HCPEB) system [67].

Among those pulsed electron beam techniques, the High Current Pulsed Electron Beam
technique (HCPEB) is fairly recent [67-70]. It was developed in Russia, institute of high current
electronics in Tomsk. In the early 1990s, the research group headed by Prof. Proskurovsky has
achieved considerable success in the creation of a high current pulsed electron beam source that
contains an electron gun with an explosive emission cathode and a plasma anode placed in a
guide magnetic field [67]. The HCPEB source has the following operating parameters : electron
energy 0.5-40 keV; The pulse duration 0.5-5 ps; energy density 0.5-40 J/cm’; beam cross-
section area 10-50 c¢m?®; and pulse repetition rate 0.2 Hz. Proskurovsky et al. have investigated
the implications of HCPEB for treating industrial alloys and suggested its potential applications
as an efficient method for thermal protection, rapid annealing, surface cleaning and surface
alloying [67].

A schematic diagram of the HCPEB system is given in Fig. I-2. It can be divided into four

complementary parts: electron beam source, vacuum system, pulsed high power supply and
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diagnose devices. The electron beam source is the main part of the system which produces the
pulsed electron beam. Fig. I-3 shows a detailed sketch of the electron beam gun. The explosive
emission cathode is made of porous graphite for its low ionization potential. The anode is made
of stainless steel and has a hole in its center through which the beam passes. Graphite cathode
spark plasma sources are placed evenly in a circle behind the anode. The electron beam is
transported through the anode plasma to the collector. To prevent the beam from pinching and

dispersing, an external magnetic field created by a sectioned solenoid is used.

L 54+ ++ +~_ ++ 9
A +++E+++6++

—— |

(1) cathode (2) anode (3) collector (4) vacuum chamber (5) cathode plasma (6) anode plasma (7)
solenoid (8) spark plasma sources (9) specimen (10) plasma sheath (11)electron beam

Fig. I-3 Schematic diagram of the HCPEB source based on vacuum spark plasma [67].

The explosive electron beam is generated using the following procedures. As the magnetic
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field reaches its maximum, the spark plasma sources are switched on and the anode plasma fills
the chamber. When the anode plasma reaches the graphite cathode, the accelerating voltage
produced by a voltage pulse generator is applied to the cathode. This results in the initiation of
the explosive electron emission at the cathode and an electron beam is formed in the plasma filled
diode. With the use of the magnetic field, the efficiency of the conversion of the energy stored
into beam energy is very high, up to 40%. Moreover, the transportation of the beam in plasma
permits the anode/treated surface distance to be increased to values as high as 20 cm. Varying the
accelerating voltage, magnetic fields intensity and the anode collector distance can control the
beam energy density. An image of the HCPEB system is shown in Fig. I-4. One can clearly see

the vacuum chamber, the electron gun and the magnetic coils.

Fig. I-4 An image of the HCPEB system [79].
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The simplicity and reliability of this HCPEB technique render special advantages over laser
and ion beam treatments, with potential industrial applications [75-78]. The high-density electron
pulses of short durations induce dynamic temperature fields in the surface layers giving rise to
superfast heating and possible melting. This is followed by a rapid solidification and cooling of
the material surface. In addition, a dynamic stress field is formed that causes intense deformation
in the material sub-layers [79-81]. As a result, non-equilibrium microstructures can be achieved.
This authorizes to form a surface layer with improved physical, chemical and strength properties
that are often unattainable with conventional surface treatment techniques [67-69, 77-79]. This is

particularly true for corrosion and tribological properties.
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Chapter I1. Physical foundations of materials surface treatment by HCPEB

I1. 1 Interaction of electron beam with materials
Electron beam energy

E=eU,
Backscattered electrons
Secondary electron
X-ray (15~25%E)
T>T o
0 s Thermal radiation (<1%E)

Energy deposition layer (75~85%FE)

[

Heat conduction

—
Il

!

—}

T -Surface temperature T -Melting point T -Phase transition point

Fig. II-1 Energy transfer in the surface layer of
materials during the electron beam bombardment.

When an electron beam having a certain energy density irradiates a target surface, several
phenomena take place at the surface layer of the target. These phenomena are of the same type as
those induced in electron microscopes [82]. The electron beam can penetrate only a very shallow
depth, for instance, about several micrometers when the electron energy is about several tens of
keV. Therefore, the energy absorption is limited within this thin surface layer through the
interactions of electrons and atoms, and the scattering process mainly converts the electron beam
energy into heat. The interactions between the electron beam and target materials are
schematically illustrated in Fig. II-1. It should be noted that one of the factors determining the
conversion of electron beam energy into materials is the incident angle of the electron beam.
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Indeed, the energy deposition profiles of the electron beam inside the target materials can be
changed by varying this incident angle [83]. In our case, the incident beam is always set to be
perpendicular to the target materials. In the energy deposition layer, about 75% to 85% of the
electron energy is transferred into heat and the rest is lost in different ways via the formation of
backscattered and secondary electrons, X-ray and thermal radiations [82]. The energy deposition
in the top surface layer creates an extremely high temperature gradient. After the shut off of the
electron beam, the energy-absorbing layer is cooled down rapidly as a result of the heat
conduction through the region adjacent to the heated layer. Depending on different threshold
temperatures of a given material, a layered structure can form on the treated material. For
example, the top surface is a melted layer if the temperature reaches the melting point and

beneath is a heat affected layer where phase transformations may have occurred.

It is well established that three different zones are usually observed in the surface depth of
HCPEB treated samples [80,81]. A schematic illustration of these zones created by HCPEB

treatment is shown in Fig. I1-2.

e | - Temperature-affected zone

—— = Stress wave propagation zone

Melted zone (potentially)

Fig. II-2 Schematic diagram of the different affected zones bombarded by HCPEB treatment.
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Generally present at the top surface is a zone that has been melted and subsequently solidified
rapidly. It is often a few um in thickness but can be avoided, in particular for high conductivity
alloys, when the energy provided by the electron beam is not sufficiently high. Below is found a
heat affected zone (HAZ) that extends generally over a few tens of um [80]. Finally, a last zone,
that is due to the propagation of the shock wave and for which the material hardness can also be
strongly affected may be present at depth far exceeding the heat-affected zone. After sufficient
number of pulses (typically 15 to 20) of HCPEB treatment, this hardened zone can extend over
hundreds of um [67,84,85].

11. 2 Physical foundations

11. 2. 1Physical model for temperature fields

When an electron beam irradiates a target, a non-stationary temperature field is generated in
the surface layer as a result of the absorption of the beam energy. To model the temperature field,
the following assumptions are proposed based on the characteristics of the HCPEB technique
[81]:

a) the current density of the electron beam is uniform over the total transversal cross-section

of the beam;

b) the diameter of the treated material is smaller than that of the electron beam;
¢) the initial material is uniform in its physical structure and properties.

The following one-dimensional heat conduction equation has to be solved [76]:

or o oT
pc(T)E:a(ﬂ(T)a)wLLv(x,t) (1I-1),
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with the initial conditions

T(x,0)=T,

(I1-2),
and the boundary conditions

D aT(x f)

|A:0,x:l = 0

11-3),
where T is the temperature field; p,c and A the mass density, the heat capacity and the heat

The second term OIII

conductivity, respectively. L, is the volume power density of the heat sources; 7y is the initial
1.6
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1s 27 kV. Comparatively, it is only about 3.5 um for 21 kV. Moreover, it can also be seen that the
maximum HCPEB energy deposition locates at about one third of the penetrating range. At this
depth, this corresponds to the highest heating rate. Fig. II-3b shows that the beam energy density
and its deposition depth also change with the treated materials. Under the same accelerating
voltage, the electron beam has a deeper penetration depth when the treated material has a lower
density. For examples, the penetrating range in Mg is about 8 um when accelerating voltage is 27

kV, while for Fe, it is only about 1.8 um.
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Fig. II-3 The energy deposition profiles of electron beams with different accelerating
voltages applied on Al (a) and for different materials under a 27kV accelerating voltage (b).
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11. 2. 2 Simulation of temperature field and melting process

Fig. II-4 presents the simulated temperature evolution with time and depth in pure Al treated
by HCPEB [81]. The selected pulse duration was 1.5 us; the energy density about 3.0 J/cm* and
the accelerating voltage 27.8 kV. The heat-affected zone is localized near the surface, in a depth
range of 25-30 um where T< 500 K. Although the maximum energy deposition locates at
subsurface, the surface temperature is always the highest because the thermal conductivity of Al
is very high. The thickness of the melt is about 2~3 micrometers, which is close to the TEM
observation [85]; the melt time is about 1 us; the velocity of the crystallization front is 3~5 m/s;

the heating rate is about 10° K/s, and the cooling rate is about 10* K/s on average and even higher
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at the surface.
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Fig. II-4 Temperature field in the surface layer of Al irradiated by HCPEB,
energy density S=3 J/cm’, t~1.5 .
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Fig. II-5 Evolution of the melted fraction at different depths, pulse width 1.5
us, S=3.0 J/em’, E =27 keV.
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In order to tackle the melting process with calculation, the temperature compensation method
given in Ref.[86] is often used. By changing the electron beam parameters, it is depicted that if
the pulse is sufficiently short and the energy is sufficiently high, the melting will start in a
subsurface layer due to the specific depth distribution of the electron beam energy deposition in
the target (see Equ. II-5) and the significantly decreased thermal conductivity near the melting
point. Fig. II-5 shows the evolution of the melted fraction at different depths during a heating
process. It can be seen in Fig. II-5 that the complete melting first occurs at a depth of about 1~1.5

um, corresponding to the calculated maximum energy deposition depth (Fig. II-3).

11. 2. 3 Physical model for stress fields

For the HCPEB surface treatment without melting of the surface, besides the effect from
temperature field, stress fields will play an important role in determining the final structure and

stress strain state. It is already known that there are two kinds of stress fields induced by the
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bombardment before melting [87] : a quasi-static thermal stress and a dynamic thermal stress.
From the theory of thermal-elasticity, it is established that the quasi-static stress is caused by a
temperature gradient in the direction of the thickness. It is bisymmetric [87,88]. The dynamic
stress is a kind of inertia force associated with super-fast thermal expansion of the solid [87]. It is
different from the shock wave induced by a recoil force of gas scattering [89]. Based on the same
one-dimensional thermal conductive equation (Equ. II-1), the dynamic thermal stress ox and the

quasi-static thermal stress oy, can be described as the following equations, respectively [88]:

L@zo'x(x,t) B 0’c (x,t) Ity pa 0T (x,1)

c: o ol 1-vi ot (IL-7),
ak v
0,=0, :——T(x,[)-‘r-—O'x (II-S),
— I-v
with the initial conditions:
O,y (x,O) =0 (11_9)’
oo .(x,0)
— =~ =0 -
or (I1-10),
and the boundary conditions:
T (X,0) |1 = 0 (1I-11),
o,(0)],0 = 0.(1)],1o =0 (1I-12),

where T and o are the temperature and stress fields respectively; p, Cs, v, E and a are the mass
density, the longitudinal sound velocity, the Poisson’s ratio, the Young’s modulus and the thermal

expansion coefficient, respectively. / is the thickness of the specimen.
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11. 2. 4 Temperature field and thermal stress wave under non-melting mode
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Fig. 1I-6 Simulated temperature field in the Al sample during HCPEB treatment without melting.
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Fig. II-7 Creation, propagation and reflection of the thermal stress wave.
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surface within 1 ps.

Fig. 1I-7 shows the simulated processes of the creation, propagation and reflection of the
thermal stress wave in pure Al foil of 3 mm in thickness under the same treatment parameters.
Initially a compression stress of long wave with amplitude ~0.05 MPa is formed and then it
propagates from the surface into the bulk followed by short waves. The stress wave reverses its
polarity when reflected by the rear surface of the target. It interferes with the incoming wave,

which makes the absolute value of the long-wave peak slightly higher.

By varying the beam parameters, the long-wave in the thermal stress wave prior to melting

was found to obey the following rules [81]:
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(1) its amplitude is proportional to the energy density if other parameters are fixed;
(2) its amplitude is inversely proportional to the pulse duration if other parameters are fixed;
(3) 1its duration is proportional to the pulse duration if other parameters are fixed,

(4) there exists a special distance at which the thermal stress reaches its peak value, being about
20um for Al

11. 2. 5 Theoretical analysis of anisotropic thermal stress

The results of the calculations given above have shown that the thermoelastic stress wave has
generally a very low amplitude, of the order of several hundreds kPa [80,81]. It can therefore be
omitted in the case of severe plastic deformation occurring at the top surface. Comparatively, the
quasi-static stress that is generated by the confinement due to the difference of lateral thermal
expansion has a higher amplitude. It has a biaxial symmetry and has its direction parallel to the
sample surface. It concentrates mainly within the HAZ and changes its intensity with the
distribution of the temperature field. Based on Equ. 11-8, and considering the anisotropic Young’s

modulus, the magnitude of the biaxial quasi-static stress imparted to the sample before melting

can be estimated by the fglylcazvgﬂzgﬁqllglgﬁﬁ"l AT (x,1)
—v

(I1-13),
where E<uu- 1s the Young’s modulus along the <hkI> directions. The calculation shows that the

magnitude of thermal stress before melting is several hundreds of Mpa, much higher than the
yield strength of most metals. It should be noted here that the Young’s modulus E<uu- is also
anisotropic in most materials. As a result, the stress amplitude will be different from one grain to
another. For a cubic metal, the orientation dependence of the Young’s modulus E-q- is given by
Equ. I1-14 [90,91]:

1

1
= S11 _2{(S11 _Slz)_5S44}A<hkl>

<hkl>

(1I-14),
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where Ao :(h2k2+h212+k212)/(h2+k2+12)2, and S;, S;; and Su are the compliance

coefficients. A-uu- varies between 0 for the <100> directions, and 1/3 for <111>. Here we define
b=2{(811-S12)-(1/2)S+} for convenience, which is generally positive. In most fcc materials for
example, the Young’s modulus is the highest along <111> and the lowest along <100> [90]. We
notice that, if A<uu-=0 (i.e. for the <100> directions) 1/E<;0-=S1;. We can obtain the following

equation:

_ E<100>
E . = 1—bE. A (I1-15).

<100>““<hkl>

Since the Young’s modulus of many fcc metals shows an nearly linear relation with 4<u- and

bE < 00-A<pu~ 1s quite small, V(1 =bE g0 Ay ) = 1+ DE 9. Ay Thus, Equ. II-13 can be written

as Equ. II-16:
_QE g, A+ DE . A )
1-v

o,=0,= AT (x,t)

y z

(1I-16).

This equation clearly gives an increased amplitude of quasi-static thermal stress existing from

<100> oriented grains to the <111> oriented grains during HCPEB treatment.

I1. 2. 6 Quasi-static thermal stress in thin foil

From the theory of thermal-elasticity, the quasi-static thermal stress of a thin foil subject to a

temperature distribution 7(x,z) through the thickness is described by [87]:

1 N, 12M .x
o, =0, =—:a(T)E(T)T(x,t)+TT+TT (1I-17),
where Nris a resultant force:
1 1/2
Np=— [, aEMT(xdx (II-18),
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M7 is the bending moment:

M, = ﬁ ' a(T)E(T)T (x.t)xdx. (I1-19).

In this case, the anisotropic effect of stress field is not considered. A thin Al foil was chosen
to perform the calculation, the thickness being 150um [81]. Fig. I1I-8 shows the evolution of the
quasi-static stress with depth and time. The selected electron beam parameters are the same as the
calculation of the temperature field. Fig. I1-8 shows that the quasi-static compressive stress at the
front surface char ~~~ “~'~wrim~ dhn mornldine A8 dln dninmnentren £414 24k Stg peak value of
about 750ME’§1)at 1
value as high as ¢
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Fig. II-8 (a) Evolution of the quasi-static thermal stress in Al foil during HCPEB
treatment. (b) Contour map of Fig. a. Pulse duration 1.5 us, energy S=1.5 J/cn’.
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11. 2. 7 Origin of surface hardening

One of the most important features of the HCPEB treated materials is the hardening of the
subsurface layer where the material is not melted [67,78,84]. This is observed in pure Al for
which no phase transformations occurred during treatment. Defects created in the materials by
HCPEB treatment is regarded as the main reason for the improved mechanical properties.
Porgrenjak et al. [92, 93] studied the defect formation in a-Fe treated by an Intense Pulsed lon
Beam (IPIB) and HCPEB. Their results showed that the microhardness of the modified layer is
proportional to the local dislocation density. This means that the hardening mechanism under
thermal impact treatment is, in fact, a special kind of work hardening.

For Al, the linear expansion factor ax2.54x10”° m/meK, while the volume dilatation
coefficient equals to 3a.. Theoretically speaking, under the two dimensional restraint condition,
when the temperature nearly reaches the melting point, the estimated deformation 3aTm ~5%,
which is the largest deformation for a single-pulse treated Al. This deformation is quite small as
compared with normal metal processing, but the deformation process is completed rapidly, within
several microseconds, and the deformation rate is estimated to be about 10*°s, much higher than
the many conventional processing. According to the theory of work hardening and the
experimental results, it is more efficient for thermal impact treatment to increase the

microhardness of metals under the same work hardening mechanism [94].

11. 2. 8 Physical model for Diffusion induced by HCPEB treatment

It was already observed that an enhanced diffusion effect could be induced by pulsed
electron beam treatment [79,95]. The previous results showed that the pre-coated or implanted
elements diffused into a deeper layer by applying several HCPEB pulses [69,77,79]. This effect is
not only observed when melting occurred in the surface layer where liquid state mixing played
the major role but also as will be demonstrated, under the non-melting treatment condition.

As the pulse duration is very short, and the temperature field and stress fields are transient,
the mass transfer during treatment is extremely complicated. Considering the coexistence of the
concentration gradient, the temperature gradient and stress gradient during treatment, the
diffusion induced mass flow, temperature induced mass flow and stress induced flow must occur

simultaneously. Following are the three flows described by Fick's first law :
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1.Concentration flow [88]: Jo=-D— (11-20),

where c is the concentration of the solute element, D the corresponding diffusion coefficient.

DQ, oT
C_
RT?  ox

2.Temperature flow [88]: /r = (I121),

where Q, is the energy associated with the mass transfer per mole, 7' the temperature, R the
universal gas constant. It should be note here that (. can be positive or negative. When it is
positive, the solute atoms tend to move towards the colder area. If it is negative, the solute atoms
move towards the hotter area during diffusion.

DV, 6 oo

- RT Ca (11-22),

3. Stress flow [88]: /o =

where V, is the activation volume associated with the mass transfer per mole, o the stress.
Similarly, when V is positive, the solute atoms will move towards the area having a lower stress.
If it is negative, the solute atoms will tend to move towards the area having a higher stress.

Therefore, both the temperature flow and the stress flow can accelerate or suppress the diffusion

process.

The total mass flow during treatment will be: J=J.+Jr+J, (I1-23).
oo

Since 5= "5 (11-24),

we therefore obtain the following equation:

%:DQ @4_ Q“ ca_T+LC6_O-)

Ox Ox RT?> ox RT ox (I1-25),

O+V,o

D =D, exp(—
where o €xp( RT

). This equation can be used to describe the diffusion processes
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occurring in materials treated by HCPEB. The initial conditions and the boundary condition may

vary depending on the different treating methods.

To solve Equ. II-25 numerically, the differential method described before was also used here.
Since the diffusion is combined with the temperature field and stress field, we first calculate the
values of stress and temperature in each space and time unit and then put the values into the
embedded program for diffusion processes. Finally, we obtain the concentration values at each
time and space unit. In order to study the diffusion process induced by HCPEB treatment, a
specific system has been selected for calculation. In this case, Al is selected as the diffusion
matrix, while Ag is the solute element. This is a typical interstitial diffusion system and has the
following parameters: Q=130kJ/mol, Q,~100kJ/mol, V,=10°m*/mol. The results of calculation
show that all three flows have a nonlinear evolution with time and depth; the relative ratio of the
three flows is determined to be about: J..Jr:J,~4:1:107. This ratio may change due to the different
diffusion systems and treatment parameters. Nevertheless, further calculations show that

concentration flow still plays the major role for the diffusion process.

11. 2. 9 Physical model concerning evaporation

In some cases, the HCPEB may lead to significant evaporation on the treated materials when
their boiling point is reached during treatment. For calculating the temperature field involving
evaporation, the same one-dimensional thermal conductive equation (Equ. II-1) can be still used
here. Considering evaporation, Equ. II-1 should be solved in a moving coordinate system, the
distance of the moving surface being that of the evaporated layer, which was taken to be the

following function of time:

X, = V.(0at (11:26),

where V(?) is the moving speed of the surface, X.(?) the evaporated depth.

For simulating the temperature field involving evaporation, a temperature compensation
method is used, which is similar to the calculation of melting process. In each space unit 4,
during a certain time step z, the evaporated depth d¢ can be described with the following
equation :

3 T}{pﬂ _T

dr <h
AT,
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(I1-27),
where T: is the boiling point, AT, the evaporation compensation temperature. A7.=H./c, where H.

is the latent heat of evaporation, c the heat capacity of the melt. The whole evaporated depth D’
within the time step 7 can be calculated by the following equation

D? = Zd 4
k=1
(11-28),
where d¢ is the evaporated depth in space unit £ at the time p.
Thus V,(¢) can be described as : »
Vo) =—
T (I1-29).

8

600

Temperature, K

400

20
% 25

< Dls
4") 0 00 ﬁf“e‘“ﬁ

Fig. II-9 Temperature evolution in pure Mg bombarded by HCPEB for an energy
density of 3 J/cm’.

59



Doctoral Dissertation of Paul Verlaine University of Metz

Fig. I1-9 shows the temperature distributions in pure Mg over a depth range of 0-30 um and
for a duration of 0-2.5 us when evaporation occurred during treatment. A pulse duration of 1.5us
and a deposition energy of 3 J/cm® were used for simulation. On heating, the presence of a
shoulder at 922 K assogi

another plateau corresp
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Fig. 1I-10 Contour plots of melting (a) and evaporation (b) compensation
temperatures in pure Mg during the HCPEB treatment for a pulse energy of 3 J/cn’.
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Fig. 1I-10a and 10b present the depth/time contour plots of the melting and evaporation
compensation temperature (arising from the absorption of the latent heat of melting and
evaporation), respectively. Fig. II-10a shows that the melting of Mg starts after 0.35us and the
maximum melted depth reaches about 6.5 um at 1.35 ps. It is interesting to note that the
maximum depth of melted layer is reached just before the end of the beam pulse (~1.5 us). The
solidification process starts subsequently and the whole melted layer solidifies within 2.7 us. The

moving speed of the solidification front can reach a value as high as 2.4 m/s. In Fig. II-10b, the
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evaporation compensation temperature provides with the same kind of graph. However, unlike in
the melting process, the evaporation compensation temperature can not be accumulated because
the evaporation process makes the material disappear into the vacuum chamber. Therefore,
during the calculation, the evaporation compensation temperature is set to 0 before each time
step. It is related to the length of space and time step that is selected. From Fig. II-10b, it can be
seen that the evaporation starts after 0.62 ps and that the boiling process occurs within a depth of
about 2 um. The maximium of the evaporation regime is located at a depth of about 1.2 um
beneath the surface. This is due to the special energy deposition profile of the electron beam in
the materials. After 0.75 ps, the evaporation effect decreases and ends after about 1us. At that
time, the melted layer depth is still increasing. Calculation gives a total evaporated layer of 0.35

um per pulse in the present case.

It could be suggested that the fast evaporation causes a recoil force into the target. By using a

differential method, the recoil pressure P can be estimated by using the following equation :

8RT,

P=V
P M

s

(11-30),

where M is the molar mass of Mg. According to the calculation results given above, the
maximum pressure is less than 0.45 MPa when the maximum energy density is taken at 6 J/cm?,
which is a relatively small stress for metals. If we change the energy density to 3 J/cm?, which is
the normal working parameter, the calculated pressure is even below 0.1 MPa. Therefore, the
influence from the evaporation on the deformation process in the solid state Mg present below the
melted layer can be omitted. However, the melted surface is likely to be bended under this recoil
pressure [96], which, as will be discussed later, can also explain the wavy aspect of the surface

observed when the evaporating mode is operating.

I11. 3 Three modes of HCPEB treatment

It is clear that the surface properties after HCPEB must be determined by the final structure-
phase states generated by this thermo-mechanical treatment [67,79,97,98]. Fairly limited

information was available concerning the details of the microstructure modifications at the
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beginning of my PhD and little was known on the metallurgical phenomena encountered. The
mechanisms of structure formations are also of special interest because under HCPEB, phase

transformations are likely to take place under non-equilibrium conditions.

To explore the modification of structures and properties under the action of HCPEB, we are
illustrating in this thesis some surface effects obtained on several materials. In particular, we
detail some of the features observed when treating the top surface with melting, without melting
and with partial evaporation. Fig. II-11 shows the typical temperature profiles encountered in the
top surface of a material treated by HCPEB with different energy density. As indicated in the
figure, under low energy density treatment, the temperature in the top surface of the material can
not reach the melting point (7,,) during the whole treating process. Such a treatment mode is
called “heating” mode. The treating modes during which the temperature in the top surface
reaches melting point and boiling point (7}) are called the “melting” and “evaporating” modes,
respectively. The distinction between these three modes of treatment is, we believe, of the
outmost importance to get the full potential of this surface treatment technique. Therefore, the
examples of surface modification shown in this work very often are grouped into three different
categories: (i) modifications observed in the melted layer (melting mode) and (ii) modification
resulting from the so-called heating mode for which the top surface remains in the solid state
during the overall treatment (iii) modification under the so-called evaporating mode for which the

top surface is partially evaporated during the treatment.

Temperature profiles in the top surface
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Fig. II-11 Typical temperature profiles in the top surface of a material by HCPEB
treatment with different energy density, showing the three treating modes.
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Chapter 111 Special phenomena induced by HCPEB treatment

In the previous chapter, physical models for surface treatments by HCPEB have been
established and numerically solved. The results showed that HCPEB irradiation induces dynamic
temperature fields in the surface of the material, giving rise to superfast heating, possible melting
and even evaporation that is followed by a rapid solidification of the very first surface layer by
heat conduction towards the bulk. Concomitant to the thermal effect, it has been shown that the
pulsed electron beam creates a dynamic stress field that causes intense deformation at the
material surface [80,81]. The combination of these processes makes it possible to modify
substantially the surface characteristics and, in many cases, improve the mechanical properties
faster and more efficiently than conventional surface treatment techniques [67-79]. In the case of
steels for example, it has been established that the hardness, wear resistance or corrosion

resistance can be significantly improved by using HCPEB treatment [67-70,98].

Here, we detail, in particular, some of the special phenomena observed when treating
materials without melting, with melting and with evaporating of the top surface. These
phenomena were observed on many HCPEB treated materials. They can be understood based on

the physical foundations established before.

I11. 1 Metastable structure formations

HCPEB treatment induces very fast heating, melting, solidification and is followed by rapid
cooling of the materials surface layer. These procedures are often performed under non-
equilibrium conditions, which render possible formation of metastable phases and
microstructures. In particular, phase selection from the melt during rapid solidification and
subsequent solid state phase transformation paths during cooling can be affected. These processes
need to be studied because they determine the final microstructures and properties of the treated
materials. Of course, all the three modes of HCPEB treatment may cause metastable structure

formation in the treated materials. In this section, only the melting mode is shown since it is the
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most important mode and more evidences were observed. We will first show the effect of the
HCPEB treatment in different steels (carbon steels, AISI D2 and H13 steels) and then concentrate

on a NiTi intermetallic.

I11. 1. 1 Carbon steels

Carbon steels have long been studied by scientists and widely used in industry. The phase
transformations in steels, especially under non-equilibrium conditions, are still the subject of
many recent works [99-101]. Therefore, the study of phase transformations and microstructure
modifications in steels induced by HCPEB treatment is of technical and scientific interests. The
simple Fe-C system would be ideal for studying metastable phase transformations. In the present
work, three steels were investigated. They have different carbon content: ~0.45wt% (45# steel),
~0.77wt% (T8 steel) and ~1.0wt% (T10 steel) which correspond to hypoeutectoid, eutectoid and
hypereutectoid steels, respectively. The samples used for HCPEB treatment were divided into two
groups: “quenched” and “slowly cooled”. One group of samples was austenitized at Aci,/Acm
+50°C for 1 hour and quenched in water. They were subsequently tempered at 200°C for 60min
so that all samples consisted of tempered martensite. The other group of samples was austenitized
at Aci/Acm+50°C for 1 hour and slowly cooled down to room temperature. In this case, the
samples consisted of various amounts of pearlite structure mixed with 42.8% of ferrite for the
45# steel and with 3.9% cementite for the T10 steel. Therefore, each type of steel has two initial
structural states. The electron-beam treatment parameters for all type the samples were set as
follows: the energy density was about 4 J/cm? the accelerating voltage of the electron beam was

kept constant at 27 kV and different pulse numbers were used (5 and 10 times).

Fig. III-1 shows the evolution of the XRD patterns of equilibrium treated carbon steels
(austenitized and slow cooling down to room temperature) samples with the number of HCPEB
pulses. Fig. III-1a is the evolution for the case of 45# steel. The starting material contained in fact
two phases : ferrite (a-Fe) and carbide Fe;C. However, due to the low volume fraction of the
carbide, its peaks are not visible in the XRD pattern of the starting material. After the HCPEB
bombardment, a fairly weak peak corresponding to y-Fe is present in the XRD patterns. The peak
intensity of the y-Fe phase decreases after 10 pulses, indicating that the volume fraction of the y

phase detected by XRD decreases. TEM observations show that the austenite formed in the
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HCPEB treated 45# steel is nano scaled [102,103]. The formation of the nano-austenite structure
might be attributed to the dissolution of the initial cementite present in the pearlite phase and the
subsequent stabilization of the y phase due to the increased carbon concentration. For the case of
T8 steel (Fig. III-1b), the initial material contained only pearlite (ferrite+cementite). After the
HCPEB treatment, the formation of y-Fe phase observed from XRD patterns is more pronounced
than for HCPEB treated 45# steel. This could be attributed to the higher concentration of C
(higher carbide content) in T8 steel than that in 45# steel. Since the y phase usually nucleates at
the ferrite and carbide boundaries during austenitization processes of carbon steels, more carbides
in the steel would bring more nucleation sites for the formation of the y phase. A careful look at
the peak corresponding to the {200} plane of the o phase after HCPEB treatment reveals a very
weak splitting which indicates the formation of martensite (o’ phase) in the surface layer. This
means that a part of austenite transformed into martensite during cooling while the rest was
retained at room temperature. Size effects and high carbon concentration may contribute to the
stabilization of y phase [101,102]. In the case of the T10 steel (Fig. IlI-1c), the initial structure is
composed of pearlite + cementite. The XRD patterns after HCPEB treatment are also
characterized by the presence of y phase. Comparing the XRD patterns for all the T10 samples
and the T8 samples treated with 5 pulses, one can clearly observe that there is more austenite in
the surface layer of HCPEB treated T10 steel than that in T8 steel. Of course, this is also due to
the higher carbon content in T10 steel than that in T8 steel. On the other hand, the peak splitting
of a.{200} is also observed.

Fig. I1I-2 shows the same set of XRD patterns for the same steels but in the quenched and
tempered condition. Fig. III-2a gives the evolution for the case of the 45# steel. The quenched
and tempered carbon steels contain mainly three phases: tempered martensite (ferrite), carbide
(precipitated during tempering) and possible retained austenite (if carbon concentration is high
enough). The absence of carbide peaks in the XRD pattern of the starting 45# steel sample is due
to the low volume fraction of the dispersed carbides. After the HCPEB treatment, the {200}
peak splitting is clearly observed. EBSD measurements confirmed the formation of martensite in
the surface layer [104]. In contrast to the equilibrium 45# steel after HCPEB treatment, no vy
phase formation is observed in the quenched 45# steel after HCPEB treatment. Increasing the
number of pulses does not bring significant difference here. For the case of the T8 steel (Fig.

I11-2b) the splitting of the {200} after HCPEB treatment observed from XRD patterns is more
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pronounced than that of HCPEB treated 45# steel. This can be attributed to the higher carbon
concentration of the martensite formed in HCPEB treated T8 steel. In the case of the T10 steel
(Fig. III-2c¢), the initial structure is composed of ferrite + carbide + residual austenite. After the
HCPEB treatment, the splitting of «{200} is as high as 2.3°. Of course, this is also due to the
higher carbon concentration in the T10 steel than that in the T8 and 45# steels. It can be also
observed from the XRD patterns that the austenite content in the surface layer of the HCPEB
treated T10 steel increases with the number of pulses. This must be due to the higher dissolution
of the carbides after 10 pulses. This hyperthesis is clearly reflected in the increase in the peak
splitting of martensite. Indeed, the retained martensite has a higher C content after 10 pulses than

5 pulses of HCPEB treatment.

The comparison of all the above XRD results together with other additional experimental

EBSD results gives the following conclusions:

1. For the slowly cooled carbon steels, a part of the austenite induced by HCPEB treatment can
be retained down to room temperature. The volume of austenite in the surface layer increases

with the carbon concentration of the treated steels and decreases with number of pulses.

2. For the quenched and tempered carbon steels, the austenite formed during rapid solidification
transformed into martensite when the carbon content is lower than 0.8 wt%. For high carbon
steel (1 wt% C for example), austenite can be retained down to room temperature due to the
stabilization effect of C. The martensite formed during the HCPEB treatment shows increased

quadraticity (ie. increased carbon concentration of the steels) with increase number of pulses.

3. The different phase transformation paths in the equilibrium and non-equilibrium carbon steels
induced by HCPEB treatment can be understood by the ability to homogenize the melt. The
very short melt duration does not authorize the “equilibrium” carbon steels to be completely
homogeneous because the initial carbides are much bigger than those in their quenched
counterpart. Further explanation about the homogenization of the melt during HCPEB

treatment can be found in section I11.1.2.1.
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Fig. Il1I-1 XRD patterns of the equilibrium 45# (a), T8 (b) and T10 steels (c)

before and after HCPEB treatment.
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Fig. IlI-4 A typical SEM surface micrograph on the 5 pulsed D2 sample (a) and high
magnification SEM surface micrograph of the sample treated with 25 pulses (b).
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The AISI D2 steel (Cr12MoV) is a typical cold worked die steel with high C (~1.5 wt%) and
Cr (~12 wt%) concentrations [97]. Fig. III-3a shows the evolution of the XRD traces of HCPEB
treated D2 steel samples with the number of pulses. The starting material contained two phases :
ferrite (a-Fe) and carbide having the Cr;Cs structure. The volume fraction of the carbide is fairly
important and the carbide peaks are clearly visible in the XRD trace of the starting material. The
intensity of the X-ray diffraction peaks also indicates that the major phase in the initial material
was o-ferrite. This phase results from the decomposition of the quenched martensite during the
tempering process (tempered martensite). After the HCPEB bombardment, the XRD traces are
observed to change somehow dramatically. Concerning the Cr;C; phase, it is clear that the
carbide peaks tend to disappear after the HCPEB treatments. As to the o phase, it is interesting to
note that some of the peaks in the sample treated for 5 pulses have close neighbours. A splitting

of the (200) peak is usually found in newly formed martensite having sufficient amount of C to
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reveal its quadraticity. It is interesting to note that this peak splitting is no longer observed after
25 pulses of HCPEB treatment. Finally, some new peaks are present in the XRD traces. They
were verified to be from the y-Fe phase. The peak intensity of the y-Fe phase increases with the
number of pulses, indicating that the volume fraction of the y phase detected by XRD increases.

Fig. 1II-3b shows the low incidence beam X-ray diffractogram recorded on the sample
treated for 25 pulses. It only shows the presence of the y peaks. This indicates that the surface
layer is mainly composed of the y phase. The typical cross-sectional optical micrograph of the
etched sample after the HCPEB treatment for 25 pulses is shown inset of Fig. I1I-3b. The “white”
layer visible on the surface, which appears with a completely different contrast from the rest of
the material, corresponds to the melted layer. No carbides or grain boundaries could be observed
at the scale of resolution of OM in this layer even after deep etching. Below the melted layer, are
the heat affected zone and substrate containing large amount of carbides.

Fig. IlI-4a shows a typical SEM micrograph taken on the 5 pulsed sample. Some voids are
visible on the surface. These voids are generated by the shrinkage associated to the solidification
of the melted surface. Fine needle like structures can also be clearly observed, as arrowed in Fig.
IT1-4a. These needles tend to be grouped and connected to each other. It was confirmed by EBSD
measurements that those needle like structure is martensite and the rest is austenite. The
crystallographic relationship between martensite and residual austenite is found to be Nishiyama-
Wassermann (N-W) type [97]. A high magnification SEM image of the 25 pulses treated D2 steel
is shown in Fig. III-4b. It reveals very fine austenitic grains or subgrains having a size of about

50~150 nm, which cover the whole surface.

The metastable phases and microstructures formed on the HCPEB treated D2 steel can be
understood by considering the effect of the treatment on the dissolution kinetics of the carbides
and the ability of the process to homogenize the melted surface. After 5 pulses, the chemical
composition in the melted layer is not homogeneous and the martensitic transformation occurred
in the Cr and C lean vy grains located away from the craters. Therefore, the microstructure of the
melted layers is composed of residual austenite, martensite and un-dissolved carbides. After 25
pulses, most of the carbides in the surface layer are dissolved and a more homogeneous melted
layer is formed. As a result, the crater formation is less effective and the microstructure of the

melted layers is then composed of ultra fine-grained austenite and nanosized carbides. Even if the
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cooling rate was very high (~10'K/s), the martensitic transformation could be completely
suppressed after 25 pulses. The stabilization of the y phase is related to the grain refinement and

alloying (Cr and C) of the austenite grown from the melt [99,100,105].

11.1.2. 2 AlSI H13 steel

AISI H13 steel (4Cr5MoSiV1) is a typical hot worked die steel with lower C (~0.45wt%)
and Cr (~5wt%) concentrations compared to the D2 steel [106-108]. Fig. III-5 shows the XRD
patterns of untreated and HCPEB treated H13 steel samples. The X-ray diffraction peak indicates
that the major phase in the initial material was o-ferrite. This phase results from the
decomposition of the quenched martensite during the tempering process. Carbides having the MC
and M»Cs structures were detected in the X-ray trace [109]. Because of their low volume

fractions, the intensity of the carbide peaks is rather weak.
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Fig. IlI-5 XRD patterns of the initial and HCPEB treated HI3 steel samples.
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After the HCPEB bombardment, the observed XRD pattern has changed quite significantly.
As for the other steels, a splitting of the (200) peak is observed after 25 pulses. In addition, some
new peaks corresponding to the y-Fe phase are also present in the XRD traces. The peaks
corresponding to the carbides disappeared after the HCPEB treatments, a result of selective
purification and dissolution of carbides during treatment [97,98]. Compared to the results
obtained in the D2 steel after 25 pulses [97], the relative intensity of the y-Fe peaks over the a-Fe
ones is here much weaker. This indicates that the volume fraction of the y phase in the surface

layer of this H13 steel is lower than the one obtained. in the case of the D2 steel.

@7 M gy T8 g

m

Fig. I1I-6 Typical EBSD orientation maps measured on the surface of the HCPEB
treated H13 steel sample with 25 pulses. The colored grains correspond to the ferrite (a)
and the austenite (b) phases.
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Fig. IlI-6a and 6b are EBSD orientation maps taken on the treated H13 steel. The Kikuchi
patterns detected by EBSD could be indexed by the ferrite (or martensite) and austenite phases.
For the sake of clarity, in Fig. III-6a are colored the areas for which the Kikuchi patterns were
indexed as ferrite while the austenite grains are shown in Fig. I1I-6b. The color of the grains was
selected according to the standard color triangle given in the inset of Fig. I1I-6a. The dark areas in
the EBSD maps correspond to the non indexed regions where the Kikuchi patterns are too weak

or too blurred to be recognized by the measuring system.

Consistent with the XRD results, the comparison of the two EBSD maps indicates that the
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ferritic phase is the dominant one at the top surface. From the EBSD map in Fig. IlI-6a, it can be
established that the range of grain size for the ferritic grains is rather fairly broad: from one
hundred of nanometers up to a few micrometers. It is also clear that the finer ferritic grains are
grouped together and located in specific areas where autenitic grains are also present. These areas
are circled and marked with the label (A+M) in both maps of Fig. III-6. In these areas, the y
grains often have the same color (orientation) but are intermixed with o grains having different
colors. As confirmed by a detailed EBSD analysis, this type of configuration indicates that a
martensitic transformation occurred on cooling; the y domains having the same color (orientation)
corresponding in fact to some retained residual austenite originating from the same large
austenitic parent grain [110]. The austenite grains are slightly bigger in this second type of areas

and they often stand on their own.

The analysis confirms that the XRD peak splitting visible in Fig. III-5 is due to the presence
of martensite and the type of crystallographic relation between the martensite variants and their
parent austenite is determined to be the Kurdjumov — Sachs (K-S) type [110]. This relation is
different from the N-W type relation observed in D2 steel, which is due to the differences in C

and Cr concentrations of the austenite formed on the two steels.

The specific features observed in the H13 steel are compared to the HCPEB treated D2 steel.
The major difference between these two steels lies in the different Cr and C concentrations,
which change the thermal properties and initial structures of the two steels. Based on the
temperature field calculations, it was known that the melted layer depth and melting duration in
H13 steel are much lower than those in D2 steel when the same HCPEB parameters were used in
the treatment [97, 110]. As a result, the chemical composition in the melted layer of the H13 steel
was still not homogeneous after 25 pulses of HCPEB treatment. Under the high temperature
gradient and interface velocity generated by the rapid solidification, this heterogeneous chemistry
in the melted layer led to the primary solidification of both the (stable) 6 and (metastable) y
phases; the y phase being selected in Cr and C rich areas. The size of the grains of these primary
phases was much bigger than the size of the (metastable) y domains selected from the melt in the
D2 steel [97]. This suggests that the undercooling and supersaturation in the melt of the H13 steel
during solidification is much lower than those in the melted layer of D2 steel. During the

subsequent rapid cooling process, the 86—y transformation was suppressed and the primary &
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phase was retained down to room temperature. On the other hand, partial martensitic
transformations occurred in the y grains. While the analysis of the D2 steel revealed the retention
of ultra fine y grains formed directly from the melt after 25 pulses of HCPEB treatment, the two
following  phase transition sequences were revealed in the HI13 steel : L— 6 and
L— y— y:+ o’. Therefore, the final structure in the melted layer of the H13 steel consisted of a

mixture of 8-ferrite, martensite and residual austenite.
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I11. 1. 3 NiTi shape memory alloy

The effect of a HCPEB treatment for modifying the surface of an intermetallic shape
memory Ni(50.6 at%)Ti alloy has been investigated here to show also the metastable phase and
structure formations. The as-received B2 type Ni(50.6 at%)Ti alloy was hot rolled at 750°. This
initial material has a recrystallized structure with a very weak (less than two time random) and
broad <110> fiber texture // to the rolling direction [111-113]. The grain size was about 10~50pum.
For the HCPEB treatment under melting mode, the accelerating voltage and energy density were
kept constant at 25 kV and 2.2 J/cm?, respectively, and different pulse numbers were used, i.e. 5,
10, 20 pulses.

XRD analysis was also carried out on the NiTi alloy samples before and after the HCPEB
treatments. Examples of diffractograms are shown in Fig. III-7. For the initial state, the observed
peaks correspond to the NiTi (B2 structure) austenite phase and the NiTi, precipitates. After the
HCPEB treatment with 5 pulses, peaks corresponding to the NiTi martensitic phase (B19’) are
present. In addition, it is also clearly visible that the diffraction peaks of the NiTi, phase have
vanished. This is a consequence of the surface purification effect from precipitates in the surface
layer [114]. However, the intensity of the peaks corresponding to NiTi martensite became weaker
after 10 pulses and almost disappeared after 20 pulses. This indicates that the fraction of
martensite in the surface layer decreases with the number of pulses, a similar case to that
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Fig. I1I-7 XRD patterns of the untreated and treated NiTi alloy samples.
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Fig. IlI-8 Typical BSE surface morphology on the 5 pulsed NiTi sample (a) and high
magnification BSE (b) surface morphology of the sample treated with 20 pulses.
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To gain more information about the microstructure and texture issued from the solidification
of the surface melted zone, FEG-SEM observations and EBSD analysis were carried out at the
top surface of the treated NiTi samples. Fig. III-8a shows a typical SEM micrograph of the NiTi
sample HCPEB treated for 5 pulses under back scattering condition. Some straight bands having
brighter contrast are clearly visible close to the crater formation region. This is reasonable
because the martensitic transformation in this alloy was triggered by the high stress field induced
by the HCPEB treatment and the stress field near crater formation region is higher due to the
shock wave formation [80,111]. The dark spots, often located in the crater centers, are NiTi,
precipitates, which are the initial sites for crater formations. The rest area is covered by fine
grains and a network of fine shinkage voids. Much like the 25 pulsed D2 steel sample, a high
magnification SEM-FEG image of the 20 pulses treated NiTi (Fig. I1I-8b) reveals again very fine
grains covering the whole surface.

After melting, rapid solidification occurs at rates as high as 10’K/s due to the rapid heat
extraction towards the bulk [80,81]. This leads, in this alloy, to the formation of ultrafine B2
grains at the top surface. At the same time, a quasi-static thermal stress with an amplitude of
several hundred MPa forms and causes intense deformations in the material [81]. As revealed by
the lath morphology in the SEM image (Fig. IlI-8a) and confirmed by the XRD traces (Fig.
I11-7), a martensitic transformation was triggered in the HCPEB treated NiTi with 5 pulses. This
martensitic transformation was clearly triggered by the high quasi-static thermal stress and shock
waves produced by the HCPEB treatment [111-113]. In cases of D2 steel and NiTi alloy, we have
noticed that the evolution of phase transformations with the number of pulses is similar. The
martensitic transformation occurred at the early stage of treatment, i.e. 5 pulses. Then it was
suppressed by dissolution of carbides or by the grain size constraining effect with sufficient
number of pulses. Here, martensitic transformation may also play an important role for the grain
refining process. It can divide one grain into some separate blocks and thereby refine the grain.
This process occurred again and again during each pulses, until the grain is fine and/or

composition is homogeneous enough that martensitic transformation can not occur any more.
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I11. 2 Special surface morphologies induced by HCPEB treatment

It has already been observed that materials after HCPEB treatment usually show very special
aspects of surface morphology [67-71]. For example, crater formation on the HCPEB treated
surfaces is a common feature for many materials. It was also observed on the pulsed laser and
pulsed ion treated surfaces [115,116]. However, detailed analysis of specific morphologies on
different materials with different treating conditions and their corresponding formation
mechanisms were still missing. Here, we will classify the features observed on materials under

different HCPEB treatment modes as discussed before.
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111. 2. 1 Typical surface morphology under heating mode

Fig. III-9 Typical SEM micrograph on the 20 pulsed Fe (40 at%)Al sample
under heating mode.

The typical surface morphology of materials under heating mode was not studied before. Fig.
I11-9 shows a typical SEM micrograph on the top surface of a 20 pulses treated Fe (40 at%)Al
sample without melting of the surface. It can be clearly seen that the surface is not anymore flat.
ains. This feature is so
important that the GRS . r (Section I11.4.1), such a
by HCPEB is orientation

Some of the grai
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Fig. IlI-10 Typical SEM micrograph on the 10 pulsed 316L stainless steel
sample under heating mode.
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Fig. III-10 shows a typical SEM micrograph on the top surface of a 10 pulses treated AISI
316L stainless steel sample without melting of the surface. Two types of traces with different
morphology left at the surface are clearly visible. They are also orientation-dependent. As
confirmed by EBSD analysis, the wide bands are deformation twins (Section II1.4.1).

Comparatively, the narrow lines are slip lines.

The above results show that the typical features observed on the materials treated under
heating are, in fact, deformation related marks. Those marks are orientation dependent since the
thermal stress induced by HCPEB treatment is orientation dependent. Other experiments reveal
that those deformation marks became more pronounced with the increasing number of pulses
[118].

111. 2. 2 Typical surface morphology under melting mode

It is well established that the HCPEB treatment under melting mode leads to the formation of
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craters on the surface [67,69,80]. Fig. IlI-11a and 11b are a set of OM and SEM micrographs
allowing to depict clearly the exact crater morphology on quenched and tempered T8 steel sample
after 5 pulses (see section III.1.1). They confirm that the whole surface was melted and solidified
to a needle like structure (Fig. I1I-11a). The craters most often have a small hole present in their
center. Further observations have shown that: the bigger the hole size, the larger the crater. This
can be understood by the fact that, the stronger eruption, the bigger craters. In Fig. I1I-11a, due to
the limitation of depth of field under OM, the different parts of a crater present different focusing
because of their different heights. From the SEM image (Fig. III-11b), it can be clearly seen that
the edge of a crater is higher than the medium surface level while the center is lower. That is, the
craters have a funnel-like morphology. As for other steels or precipitate reinforced alloys, detailed
measurements have shown that the crater density on the surface decreases with the increasing

number of pulses [98,114].

Fig. 1lI-11 Typical surface micrographs of the HCPEB treated T8 (quenched and
tempered) sample with 5 pulses.
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10pm

Fig. III-12 Typical SEM micrograph on the 25 pulsed AISI HI3 steel sample
under melting mode.
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Fig. 1II-12 gives a typical SEM micrograph obtained under secondary electron imaging
condition at the surface of the HCPEB treated H13 sample with 25 pulses. Two types of craters
can be clearly depicted as the result of the HCPEB treatment. They can be clearly distinguished
from their sizes: (i) small ones (arrowed in black) and (ii) bigger ones (double arrowed in black).
The big ones have a diameter ranging from several to 10 ums while the size of the small ones is
only about 100~200nm. The density of the small craters is much higher than that of the big ones.
Detailed analyses revealed that the two types of craters formed on treated H13 steel sample are
due to the different eruptions initiating from two types of carbides in this steel [110].

Indeed, as the carbides have lower heat conductivity than their surrounding matrix, they tend
to retain the heat generated by the electron beam and, thereby, favor the local formation of
subsurface pools of melt [80]. These melted pools will grow in size until internal pressure forces,
generated by (i) thermal expansion, (ii) solid/liquid volume change and (iii) possible carbide
dissociation + evaporation, make them burst through the thin solid wall separating them from the
upper melted surface. Such a crater formation mechanism has been observed in the AISI 316L
[98,114] and D2 [97] steels as well as in a NiTi alloy where NiTi, precipitates served as
nucleation sites [114]. Compared to these previous investigations, the interesting results reported
here for the H13 steel about the craters is that they have two classes of sizes and two types of
shapes. Because of the different types of carbides (large MC and smaller M,;Cs carbides) present
in the initial H13 sample [110], the local melting process must have resulted in the formation of
different types of craters. Indeed, simply from a size effect, the large carbides must have
accumulated more heat due to a lower efficiency in heat transfer towards the surrounding metal
matrix while, comparatively, the higher surface to volume ratio of the small carbides authorizes
to evacuate the heat through their surfaces more rapidly. As a result, higher temperatures and
bigger pools of melt are created at the large carbide locations, leading to the formation of bigger
and deeper craters. These differences in accumulated energy and depth also explain the two types
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of shapes: changing from an eruptive shape for the big craters towards a more "bubbling
chimney” type for the smaller ones. To some degrees, the crater shapes reported here mimic the
shapes of real volcanoes formed on the earth crust. Indeed, dependlng on energy storage and

release procedures, t ' [ type characterized by

huge sizes towards a | - having much smaller

sizes [119,120].
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Fig. Il1-13 Typical optical (a) and BSE (b) surface morphologies of the D2 sample
treated with 5 pulses. A typical SEI morphology of a crater is shown in (c).
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Crater eruption also plays an important role for surface homogenization [97,114]. An example
shown here is also the HCPEB treated D2 steel. Fig. III-13a and 13b show the optical and BSE
images of the surface of a sample HCPEB treated for 5 pulses. The craters often display special
features. This is particularly visible under the backscattering imaging condition. Firstly, all the
craters have an emission like aspect. That is, band like contrasts are radiating from the center of
the crater towards its edge. Fig. III-13c is a typical secondary electron image showing the
morphology of a crater. A close look at the crater reveals that these bands are, in fact,
corresponding to several elongated grains radiating from the central erupted. Shrinkage cavities
often formed a linear boundary between two elongated grains. This means that solidification
occurred rapidly after the eruption event involved for the formation of the craters. Secondly, the
craters display a contrast that is slightly darker (Fig. I1I-13b) than the one from the flat regions
located between the craters (marked A). This suggests that there is a chemical variability at the
sample surface. Finally, the black contrast of fairly large carbides can often be observed in the
craters. Many of them are located at the crater center and often correspond to erupted carbides.
Others, laying on the edge of the craters, are not erupted. These images confirm that in the 5
pulsed sample, (i) the carbide eruption is the reason for the crater formation in this steel and [97]
(i1) the eruption events tend to expulse the carbides and break them up into smaller parts. The size
of the craters being much bigger than the initial carbides that severed as nucleation site, the
eruption events have also the effect of redistributing the carbide chemistry further away and,
thereby, reduce the level of segregation in the resolidified layer. However, because of the rapidity
of the solidification process, a sufficient number of pulses is needed to reach a fairly
homogeneous composition in the melted layer. With the increased number of pulses, more and
more carbides have erupted and/or dissolved so that less nucleation sites are available and the
crater formation mechanism is less efficient.

Analysis of several precipitate reinforced materials has shown that crater formation on
materials induced by HCPEB treatments are related to local melting and eruptions [121]
preferentially occur at the structure or composition irregularities, such as carbides in steels [97] or

MnS inclusions in stainless steel [114]. Increasing the number of pulses results in the increase of
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crater density on a certain treated material in the early stage of treatment. However, further
increase of the pulse number leads to a decrease of crater density [114] due to the
homogenization of the chemistry in the rapid solidified melted layer. It has been demonstrated
that this phenomenon can be used to improve the corrosion properties of HCPEB treated

materials [114].

111. 2. 3 Typical surface morphology under evaporating mode

Fig. 1II-14 Typical surface SEM micrographs of pure Mg after HCPEB
treatment under evaporation mode.

95



Doctoral Dissertation of Paul Verlaine University of Metz

The physical model for evaporating mode has been proposed previously in section 11.2.9. In
alloys, it is expected that the selective evaporation taking place on the surface results in
composition changes [111,112,122]. In addition, under intensive evaporating mode, a special
surface morphology is observed after treatment [122]. The typical SEM surface micrographs of
pure Mg irradiated by HCPEB with an energy density of about 3 J/cm® (accelerating voltage 27
kV) are shown in Fig. III-14. Two distinct features can be clearly depicted. The first one is the
wavy aspect of the surface. The wavy aspect is due to the succession of hills and valleys at the
sample surface, which is different from the common feature of many HCPEB treated metal
surfaces (crater morphology). The second feature is the presence of many isolated particles on the
surface. These particles are pure Mg and have their size ranging from nanometer to micrometer
scales. The shape and the size of these particles suggest that they may have directly condensed
from the vapor. Such a phenomenon is so called self-deposition effect, which is usually observed

under intensive evaporation mode [111,123].
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Fig. Ill-15 Schematic illustration of surface morphology formation under evaporating mode.

Based on the calculation results given before (section 11.2.9), the formation mechanism of the
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special surface morphology of Mg under intensive evaporation mode can be proposed as follows.
During the HCPEB process, when the boiling point of Mg is reached, evaporation will occur
within a certain depth, as shown in Fig. III-15a. This leads to the formation of evaporating vapor
droplets inside the melt. The boiling and the recoil force associated with the evaporation event
together with local higher evaporation rate of small droplets lead to the formation of a wavy
surface. As the whole evaporation process occurred within the pulse duration, the spilled droplets
will be charged in the electron beam, as seen in Fig. III-15b. Since these droplets have the same
negative charge as the electrons, they will be attracted back to the surface by electric force. At the
same time, the solidification occurs very rapidly and the wavy surface morphology is retained
after solidification (Fig. III-15c). All the above processes finally lead to the formation of a wavy

surface and the presence of small particles re-deposited on top of it [123].

Another example to show the re-condensation effect is given here in the case of the Ni (50.6
at%)Ti alloy treated with HCPEB under the evaporating mode [107]. The electron-beam
treatment parameters were as follows: the accelerating voltage 27 kV, the energy density 3 J/cm’
and the sample was treated for 10 pulses.

Fig. III-16 shows a typical optical micrograph and a BSE image of the 10 pulses treated
sample surface. The aspect of the surface is very different from the one observed on the 5 pulsed
sample for which only rapidly solidified fine B2 grains and shrinkage cavities were observed
[111]. The wavy aspect of the surface is clearly visible in Fig. III-16a. Another feature is the
presence of many straight bands. These are the witness marks associated with the stress induced
martensitic transformation taking place in the subsurface of this shape memory alloy [111-113].
From the BSE morphology, the band-like feature is even more visible. In addition, there are many
small particles attached on the surface: a very similar case to the surface feature on pure Mg

treated under intense evaporating mode.

97



Doctoral Dissertation of Paul Verlaine University of Metz

LETAM BSE 15.0kV  X2,000 10pm WD 10.0mm

Fig. IlI-16 Typical optical (a) and BSE (b) micrographs taken on the surface of the 10
pulsed treated NiTi alloy sample under evaporating mode.
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In the case of this alloy, the selective evaporation must change the chemistry of the alloy
surface. To reveal possible chemical modification after the HCPEB treatment, Sputtered Neutral
Mass Spectrometry (SNMS) was carried out on the treated NiTi samples [111,112]. The result of
this analysis is shown in Fig. III-17 where the evolution of the amount of Ni and Ti is plotted as a
function of the distance from the surface. The chemical variation is clearly visible in the surface
layer. The chemical modification starts from a depth of about 4 um and the Ti content increases
until it reaches its maximum value of about 54.5 at% at a depth of 400 nm. Indeed, the vapor
pressure of Ni is higher than that of Ti at same temperature. Also, the heat of evaporation for Ti
(421kJ/mol) is higher than that of Ni (370.4kJ/mol) [107]. Therefore, a selective evaporation will
occur under the HCPEB treatment, giving rise to a more effective evaporation of Ni over Ti. This
leads to the increase of Ti concentration in the surface layer. However, within several hundreds of
nanometers from the surface the Ti concentration shows a surprising decrease. At the top surface

the Ti concentration is on re-deposition induced

by the HCPEB trea mt are responsible for these chemical modifications [111]. The
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Fig. IlI-17 SNMS composition profiles of Ni and Ti for the 10 pulses of
HCPEB treated Ni(50.6 at%)Ti sample under evaporating mode.
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I11. 3 Surface homogenization and selective purification

It is established that the compositions in the melted layer of a HCPEB treated material will
be homogenized due to the liquid state diffusion and possible convection [67-72,76]. The
dissolution of second phase particles or precipitates has been observed on some materials treated
by HCPEB [67,69,84]. In these cases, melting is regarded as the major reason for the
homogenization. Here, we will present some special phenomena occurring during HCPEB
treatment which lead also to the homogenization of the surface layer. It will be demonstrated

below that the surface purification can be obtained both under the heating and melting modes.
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111. 3. 1 Selective surface purification under melting mode

As just explained, the formation of craters is a common feature on the materials treated by
HCPEB. Generally, the craters are regarded as a disadvantage that deteriorates the quality of the
materials surfaces [67,69]. Also, the craters result in an increase of the surface roughness, which
limit the scope of applications of the treated materials. Here, I will show some advantageous
aspects of the crater formation associated with the HCPEB treatment: the selective surface

purification via crater eruption on the AISI 316L stainless steel.

Fig. I11-18 shows a backscattered electron image of the untreated 316L steel sample. It reveals
many tiny inclusions in the austenite matrix of the steel. They are MnS particles that are the
consequence of sulfur addition for machinability [124,125]. Unfortunately, these inclusions act as
initiation sites for pitting corrosion and, consequently, deteriorate the corrosion resistance [125].

The ideal solution would be to remove the inclusions from the surface after machining.

Fig. I1I-19a is a secondary electron image of a 316L sample HCPEB treated for 5 pulses. It
shows many craters. Fig. III-19b is the corresponding backscattered electron image taken from
the same area. It shows that dark spots are often located at the center of some craters, while some
other craters do not appear to have any. Elemental line scan analysis, as shown in Fig. III-19b,
revealed that the dark spots correspond to the MnS inclusions. As the inclusions’ physical
properties such as density, heat conductivity, heat capacity and melting point are usually different
from those of the matrix phase, they can act as nucleation sites for the subsurface melting
[97,114]. Fig. III-19¢ shows a typical laser 3 dimensional micrograph on the 5 pulses treated
316L sample. A line scan of relative height which crosses 3 craters was done along the gray line
in the map. The curve reveals that the crater center has a very deep hole which suggests that some
solid matter inside the hole has been pushed out. Fig. III-19d is a cross section image showing
details of a crater formed in the same sample. Its diameter is about 50 um and the depth is
maximum in its center (about 5 um and consistent with the results shown in Fig. III-19c) where a
MnS inclusion was located. These two micrographs clearly support that MnS inclusions are the

initiation sites for craters in the 316L steel and that an eruption event took place [112].
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Fig. III-19 Secondary electron images (a) and its corresponding backscattered electron
images (b) of the 316L sample treated for 5 pulses. The line scans show that the black spots
are remnants of MnS. Fig. ¢ shows a typical laser 3 dimensional morphology on the 5 pulse
treated 316L sample and a line scan of relative height which crosses 3 craters. Fig. d is a
SEM image showing the typical aspect of a crater viewed on cross section of the 316L

sample treated for 5 pulses.
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Fig. 11I-20 shows the evolution of the densities of second phase particles and craters as a
function of the number of pulses. The inclusion density decreases rapidly for the 5 pulse
treatment and reaches a plateau regime after 10 pulses. After 5 pulses, the crater densities are
approximately one order of magnitude below those of the inclusions. The crater density decreases
substantially. It is clear that the eruption process - or partial eruption - of the inclusions results in
the homogenization and purification of the melted surface. In addition, dissolution of the
inclusions should also occur at a rate depending on their solubility. MnS has a very low solubility
in steels [126], even at elevated temperatures. Calculation of the cooling rate for the top melted
layer gave values in the range 107 to 10* K s for the top melted layer [81,121]; the same order of
magnitude as chill block melt spinning [127]. Since the solidification front is extremely fast, for
example the estimated front velocity was in the range 2 to 10 m/s for 316L [111], solute trapping
can occur under rapid solidification [128]. Therefore, the combined effects of eruption, mixing
and solute trapping during rapid solidification are also to homogenize melted layer. Thus, with
the increased number of pulses, the particle density on the top surface becomes lower. This
reduces the number of nucleation sites for craters and, after 20 pulses, the crater density drops

down to only about 1/4~1/6 of the highest values. Therefore, at this stage, a homogeneous
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Fig. Il1I-20 Evolutions of the densities of second phase particles and of the crater
densities on the surface of the 316L steel samples versus the number of pulses.
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I11. 3. 2 Surface purification of FeAl under heating mode

As will be shown :le reinforced alloys can also

occur when the materi

v :._‘,Melted oxide tticles
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Fig. III-22 A typical bright field TEM micrograph in the top surface layer the 5
pulses treated FeAl sample.
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Fig. III-21 A typical TEM micrograph of the untreated FeAl sample.
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Fig. III-21 shows a typical TEM micrograph observed in the initial sample of an oxide
dispersed strengthened (ODS) B2 Fe (40 at%)Al alloy. The oxide (Y-0s) is intentionally added (i)
to increase the creep properties and (ii) to reduce the grain size and consequently improve room
temperature ductility [129,130]. These oxides may be detrimental if they are located at the
surface because the material is notch sensitive and the surface oxides may nucleate cracks. The
coarse grained structure with limited dislocations can be clearly observed. Besides, many oxide
particles are present. They are distributed fairly homogeneously inside the grains at the grain
boundaries. Their size ranges from several nms to about 2 um.

For the 5 pulsed sample, the typical morphology at the top surface is shown in Fig. I11-22.
Compared with the initial sample, the microstructure has changed somehow significantly. Three
kind of features are clearly seen. Firstly, the dislocation density in grains has increased a lot and
is very different from one grain to another. This means that the top surface layer has been heavily
deformed and the deformation is not homogeneous. Secondly, there exist many round particles.
Their size and shape suggest that they have melted and resolidified during treatment. EDS
analysis showed that these particles are rich of Y, Al and O. They are preferentially melted oxide
particles. This is not surprising because the oxide particles have a much lower heat conductivity
compared with that of the FeAl matrix. Thirdly, the grain boundaries are not anymore as straight

as the initial state. T dicates that grain boundary

migration has occurrg ill be discussed in the next

section I11.5.2.
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Fig. IlI-23 TEM observations in the top surface layer of the 20 pulsed FeAl sample.
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The typical TEM micrograph taken at the top surface of the 20 pulsed sample is shown in
Fig. I1I-23. Compared with the microstructures in the top surface of 5 pulsed sample, the oxide
particles almost disappeared completely. This means that the selective surface purification, which
we observed before, is not necessary under the melting mode and via crater eruption mechanism.
It can be done through preferentially melting of the impurities that are sputtered off during the
following pulses. Fig. I1I-24 shows the typical surface BSE micrographs taken on the 5 and 20
pulsed samples confirming this mechanism. After 5 pulses, many spherical particles appeared to
be attached on the top surface (Fig. I1I-24a), and they were almost totally removed after 20 pulses
(Fig. 1II-24b). Therefore, both the TEM and SEM observations confirm that a selective

purification occurred under heating mode.

I11. 4 Stress state and deep modification
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I11. 4. 1 Orientation dependent deformations induced by HCPEB

As is discussed before (section I1.2.5), the stress induced by HCPEB treatment should be
orientation dependent. Two examples have been selected here to show the effect of orientation
dependent stress on the HCPEB treated materials: Fe (40 at%)Al and 316L stainless steel. The
major difference between these two materials is their stacking fault, which is known to be the
most important factor determining the type of deformations. Generally, materials having low
stacking fault energy are easy to deform via twinning, for examples, Zn, Mg, stainless steels. On
the contrary, those materials having high stacking energy tend to deform through extensive

dislocation gliding, for examples, Al, Ni or even FeAl.

1
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Fig. I1I-25 An EBSD OIM map taken from the same area as shown in Fig. I11-9.
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Fig. III-25 is the EBSD OIM map taken from the same area corresponding to Fig. III-9
(section III.2.1). The general aspects of the EBSD analysis on this sample will be discussed later.
Here, we focus on the details of orientation dependent deformations. Compare Fig. I1I-25 with
I11-9, those grains having a lower depth level than the others always have a red color. This means
that they have their <100> direction close to ND. Comparatively, those grains having other colors
(orientations) do not show a big difference in height. Considering the orientation dependent stress
induced by HCPEB treatment, the above results can be explained as follows. During the HCPEB
treatment, the grains will be slightly stretched along ND under the action of quasi-static thermal
stress. However, the stress is lower in near <100> oriented grains than that of the other grains, the
deformation level is therefore lower in those grains. As will be shown in section I11.5.2, the total
strain induced after 20 HCPEB pulses could reach a value as high as 152%. Consequently, the
accumulated difference in the strain between those grains became so important that it could be

observed through the height of grains.

Another example shown here is the AISI 316L stainless steel sample HCPEB treated with 10
pulses under heating mode (section III.2.1). Fig. III-26a gives a typical EBSD orientation map
from the top surface of the treated sample. Unlike the case of FeAl, which has a very high
stacking fault energy, deformation twins are present in many grains of HCPEB treated 316L
stainless steel. Their width ranges from several hundred of nanometers to several micrometers.
They are always observed in those grains having their <111> direction close to the sample ND,
indicating that the dominant deformation mechanism in those grains during HCPEB treatment is
twinning. All of these twins have red or near red color, that is, their <100> direction is closely
parallel to ND. This is due to the 60° shearing during twining deformation (the angle between the
(111) and (100) planes is 54.7°). Fig. I1I-26b gives the pole figures of the grain marked by “A” in
Fig. II-26a. From the pole figures, it is confirmed that this grain has its <111> direction almost
parallel to ND and contains three family of twins having <100> close to ND. A specificity
concerning the grains which do not contain twins and for which the significant amount of slip
lines are present at the surface is that they often display a wide range of color in the EBSD maps.
This indicates that the misorientation within these grains is rather high : a consequence of the

intense deformation occurring during the HCPEB treatment. It is also clear that the deformation

111



Doctoral Dissertation of Paul Verlaine University of Metz

mode in those grains, especially in grains having their <100> direction close to ND, is dislocation
gliding without any twinning. A line scan of misorientation in Fig. III-26¢c reveals that the
misorientation within one grain can reach as high as 12°. Fig. I1I-27 gives a more general EBSD
orientation map taken from the top surface of the same sample. A careful inspection of this

micrograph confirms the orientation dependent feature mentioned above.
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Fig. 1l1I-26 Typical EBSD OIM map measured on the 10 pulsed 316L sample
(a), pole figures corresponding to the grain marked ‘A’ (b) and a line scan of
misorientation along the marked line (c).
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Fig. IlI-27 A general EBSD orientation map measured on the 10 pulsed 316L sample
under heating mode.

The present experimental results do confirm a difference in deformation depending
on the orientation of the grains and the staking fault energy of the material. Further
analysis is now under way to explain quantitatively the triggering of the deformation
mechanisms and, thereby, give more experimental information on the exact nature of the

stresses generated at the surface of HCPEB treated samples.

111. 4. 2 Shock stress wave after surface melting and deep modification

During HCPEB treatment, due to the drastic temperature change, a steep temperature
gradient is generated along the incident direction of the beam [80]. However, due to the lateral
confinement along the surface, the thermal expansion in the directions vertical to the beam is
strongly restricted, causing the quasi-static thermal stress (Fig. I11-28a). As discussed in section
I1.2.2 and according to Qin et al. [80], a local melting occurred in the subsurface layer when the

temperature rises and the melted pools are formed beneath the surface as shown in Fig. I1I-28b.
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Due to the liquid pressure, a resultant force P from the quasi-static thermal stress and the liquid
volume expanding exerts on the pool of melt and is transmitted by the pool of melt in all
directions [80]. The force P along the beam direction constitutes the source of the shock thermal
stress wave (Fig. I1I-28b). If the thin outer surface solid layer cannot withstand this pressure, a
volcano-like eruption occurs, as shown in Fig. I1I-28c. The shock stress is then released (Fig.
I11-28c). The duration of the shock wave pulse is the time interval between the initiation of the

sublayer melting and the crater eruption.
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Fig. I1I-28 Schematic illustration of the formation of a crater via sub-layer eruption
and the generation of the shock thermal stress, o the thermoelastic stress, g, the

quasi-static thermal stress, and P the shock thermal stress.

Calculations on HCPEB treated Al shows that the amplitude of the shock stress wave can be
as high as 600 MPa at the top surface [80]. It then decreases when propagating into the bulk due

to the attenuation effect of materials upon the stress wave [80].

The shock wave acts with the materials and may change the microstructures and properties in
the deep layer [79,80,84,122]. In order to find the direct experimental evidence for the existence

of the shock stress wave, we select the Al plates with a diameter of 100 mm, which is larger than
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the diameter of the electron beam (60 mm), and the beam and the plate are homocentric. Figs.

I1-29(a—c) show the cross-section distribution of microhardness inside the bombarding zone, at

the zone edge and outside the bombarding zone.
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Fig. IlI-29 Depth distribution of microhardness on the cross-sections of the Al sample
bombarded by HCPEB for 15 pulses: (a) 20 mm,(b) 30 mm and (c) 40 mm from the center.
Microhardness profile of a treated D2 steel sample with 20 pulses is shown in (d).
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The experiment parameters are pulse duration 0.8 ps, energy density 5 J/cm?, and 15 pulses.
The average microhardness (HK46) in Fig. I11-29(a) is higher than that (HK42) in Fig. 11I-29(b).
It shows that the higher is the energy density of the electron beam, the deeper is the sublayer
melting and the more violently does the melted material erupt. From the SEM observations, it
was also found that the density of craters on the surface in Fig. III-29(a) is higher than that in Fig.
IIT1-29(b). The microhardness distribution in Fig. I11-29(c) is shallower and the amplitude is lower
(HK40) than the other two cases. Coincidently, no craters are detected on the surface in the SEM
observation. The average microhardness in Figs. 29(a) and (b) is about 15% and 7.5% higher than
that in Fig. I1I-29(c), respectively. The above results confirm that the shock stress wave generated
in the eruption region plays a dominant role in the enhancement of the microhardness. Fig.
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I11-29(d) shows the cross-section distributions of microhardness in the HCPEB treated D2 steel
sample, treating parameters being pulse duration 1.5 us, energy density 3.7 J/cm?, and 20 pulses.
The microhardness amplitude in the modified zone is higher than the average microhardness of
the initial steel sample by about 30% (from HK950 up to HK1250). The modified zone extends
up to 900 um. The fact that the beam-affected zone goes far beyond the heat-affected zone is also
observed. As calculated, the amplitude of the shock stress wave is several hundreds of MPa
during a single pulse. The shock stress decays after transmitting several times. In a real working
process the stress wave may be reflected by boundaries, either grain boundaries or the target rear
surface. The boundaries further damp the stress wave. Therefore, increased bombardments
enhanced the modification effects over increased depth ranges. The direct experimental proof of
the existence of the stress wave far below the surface is illustrated in reference [79], where two
wave fronts are observed about 0.5 mm beneath the surface of a HCPEB treated pure Al sample.

111. 5 Texture modification

Under the different treating modes, the HCPEB treatment always causes intense heating and
deformation. These processes, solely or in combination, have the potential to change the initial
grain orientations in the treated surface layers [131]. In other words, the texture in the treated
material surface layers can be modified. Before this PhD, the evolution of texture in the surface
of HCPEB treated samples was never studied. Here, we will show some recent investigations
concerning texture modification in the HCPEB treated material surfaces, covering the effect of all
the three treating modes. The analysis of texture development is of interest because the
orientation of the grains does control several physical as well as electric and plastic deformation

properties.

I11. 5. 1 Texture modification under melting mode

Solidification of metallic materials has been studied for several centuries under both
equilibrium and non-equilibrium conditions [132]. It is so complicated that many phenomena
during solidification, such as dendritic growth, are still fascinating scientists and will still be the
topic of many future research works. Rapid solidification of materials is of special interest for
scientists and engineers due to the fact that it can often provide fine grain structures with good
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application properties [133-135]. Several factors may contribute to grain growth behaviours
during fast solidification [132]. Among them, the solidification rate and the composition of melts
often play the major role in determining various solidification related phenomena, such as phase
selection, the solidification texture, the dendritic growth behaviour, etc [136,137]. The emergence
of HCPEB treatment authorises a different way of studying fast solidification of metallic
materials. Under melting mode of the HCPEB treatment, the surface layer of the treated
materials, usually several micrometers in thickness, will be melted and directionally solidified on
the solid substrates. This renders the opportunity to investigate the effect of solidification speed,
the composition of melts and the substrate on the growth behaviours of different materials. Here,
the fast solidification induced special grain growth will be investigated in the cubic system,
which is, from crystallography point view, the simplest system to be studied. Two materials were
selected in this work, (i) the AISI D2 steel for which the y (fcc) phase was selected from the melt
and retained down to room temperature and (ii) the NiTi shape memory alloy where B2 grains
formed from the melt. It has to be mentioned here that the NiTi shape memory alloy is an
example of material that will undergo the majority effects of either the melting or evaporating

processes depending on the energy input provided by the HCPEB system.

111.5.1.1 AlISI D2 steel

The texture state of austenite formed in the 25 pulses treated D2 steel sample has been
measured by X-ray diffraction [138]. The results indicated the presence of a <100> fiber texture
component parallel to the normal direction (ND) of the sample with a large spread around this
ideal orientation. In addition, <220> fiber component was also present. These two texture

components were rather weak; having maximum slightly above 2 times random.

The presence of the mixed <100> + <110> fiber texture in the rapidly solidified y layer is
rather surprising. It was tentatively explained by the following reasons. Normally, the
development of texture during solidification can be influenced at the two stages controlling the
solidification process that starts by nucleation and continues with growth. In the case of rapid
solidified melt spun ribbons, it is well known that the microstructure consists of randomly
oriented grains nucleated at the wheel contact while their competitive growth through the ribbon
thickness leads to the development of a columnar dendritic structure accompanied with strong

119
Fig. I1I-6. A typical SEM surface micrograph on the 5 pulsed D2 sample (a) and high magnification

SEM surface micrograph of the sample treated with 25 pulses (b). Typical TEM image in the
melted layer of the 25 pulsed sample (c).
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texture effects [139]. Generally, the dendritic trunks grow along the thermal gradient direction
following well defined crystallographic directions which, for fcc materials, are the <100>
directions as shown in many previous works [136,140]. In our case, the nucleation stage can be
affected by the material from which the melted layer re-solidifies. However, as the starting
material was not textured, it was unlikely that a specific texture could be generated, from
epitaxial growth for example, directly from the beginning of the solidification process. A
competitive growth of grains must take place in the resolidified layer during which it would be
expected that the grains with their <100> axis not oriented in the gradient direction are restrained
in their growth. As the melted layer is fairly thin (2~3 um), this progressive development of
favorably oriented grains, by a growth selection process from randomly nucleated grains, can
easily explain the presence of a weak <100> fiber texture with a fairly broad distribution around
this ideal orientation. The concomitant presence of the <110> texture is much more surprising.
Despite the high (45°) misorientation of <110> oriented grains with <100> which would be
favorable for solid state grain growth; because of the rapidity of the cooling associated with the
HCPEB treatment and , as confirmed by the microstructure revealed by the EBSD analysis [138],
a recrystallization process in the as-solidified layer could not be the origin of this double fiber
texture. Therefore, like the <100> grains, the <110> oriented grains must have grown from the
liquid. Changes in the dendritic growth directions with respect to solidification conditions have
been reported in transparent materials [141] as well as in Al alloys [136, 137,140]. In particular,
EBSD analysis has revealed that the growth direction can change from <100> to <110> in Al
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Fig. I1II-30 Typical EBSD OIM map measured on the top surface of the 25 pulses treated D2

sample (a) and the corresponding grain boundary misorientation angle distribution (b). Grains
T1 and T2 are two near <110> domains separated by a (111) twin plane [138].

Fig. I11-30 shows the EBSD map obtained from the top surface of the melted layer together
with its corresponding chart of grain boundary misorientation distribution. The map clearly
shows that the occurrence of X3—twin boundaries is also observed in our alloy. As in the Al-based

alloys, the (111) twin planes most often separate near <110> oriented domains. Also, the EBSD
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map provided here clearly shows that (1) the £3—twin boundaries are never observed within the
near <100> oriented areas and that (ii) they can also separate domains that are rather fairly away
from the ideal <110>//ND. These results tend to confirm that the formation of these twins in our
alloys is an intrinsic mechanism of the orientation related growth and is not related to subsequent
annealing phenomena. Our results also show that, despite the very different processing
conditions, the change in growth direction and some of its related mechanism such as twinning
previously revealed in Al-based alloys [137], can also occur in the Fe-based metallic system.
Recent theoretical and experimental analysis have demonstrated that the growth directions can
vary continuously between different crystallographic directions as a function of crystalline
anisotropy parameters which are themselves a function of the chemical composition [137]. In
particular, a continuous dendritic orientation transition was observed between the <100> and
<110> directions when the nominal composition of the alloys varied from about 25 to 60 wt %
Zn in Al-Zn alloys. This transition was however reported to be more abrupt (from 10 to 30 wt%
Zn) when plotted has a function of the actual composition in the deposited solids [137]. In our
coating, as the supersaturation in Cr and C that essentially stabilized the y phase originates from
the fast dissolution of carbides [97], it is very likely that even after 25 HCPEB pulses — as
confirmed by some remaining carbides in the melted layer [97] — the chemistry in the layer still
presented sufficient local inhomogeneities that could modify substantially the local growth
behavior of the melt during the rapid solidification event. Thereby, it could turn out that the
HCPEB technique carried out on materials of selected chemistry is a possible effective way to

control texture — and related anisotropic properties - at the surface of treated metallic materials.

111. 5. 1. 2 NiTi alloy

The Ni (50.6 at%)Ti alloy investigated in this section has been treated for 20 pulses under a
HCPEB power of about 2.2 J/cm * with accelerating voltage of 25 kV (section II1.1.3). The input
power is sufficiently low to avoid significant evaporation. Therefore, the melted layer is thicker
than the ones obtained in the NiTi alloys investigated in the next section (evaporating mode).
Also, the lower input power should limit the amount of stress induced martensite present in the
subsurface. Fig. III-31a and 31b give a typical EBSD OIM map on the 20 pulses treated NiTi
sample under melting mode as well as its related pole figures. All the grains on the top surface

were indexed as corresponding to the NiTi austenitic phase having the B2 structure and no
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martensitic phase could be indexed. The map in Fig. I1I-31a is almost completely dominated by
grains having a green color, which corresponds to grains having a {110} plane perpendicular to
the ND. Besides, some red colored grains, having their {100} plane perpendicular to the normal
direction, are also present. The pole figures (Fig. III-31b), containing rings, depict the mixed
fiber texture. Fig. III-31¢ shows the corresponding grain boundary misorientation distribution.
The result reveals a surprising phenomenon: nearly 40% of the grain boundaries are twin

boundaries. The rest are randomly distributed within the whole range.

Therefore, the suprising features revealed in the D2 steel are also present in the NiTi shape
memory alloy. Clearly, the presence of <110> oriented grains can not be explained by a
“conventional” solidification process. The <110> texture component may result from a
modification of the atom attachment mechanism during solidification due to the high velocity of
the solidification front in the super-saturated liquid and the formation of large amount of twin
boundaries should also play an important role for the <110> texture formation during
solidification. Further work is now under way to fully elucidate the texture formation

mechanisms under the action of HCPEB surface treatment under melting.
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Fig. 1II-31 Typical EBSD OIM image measured
on the surface of 20 pulsed NiTi sample (a), its
corresponding pole figures (b) and the grain
boundary misorientation distribution (c).
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111. 5. 2 Texture modification under heating mode

myeL

I - n; BC; Step=0.2 pm; Grid61 3x446

Fig. 1II-32 EBSD orientation map on the surface of the untreated FeAl sample (a),
corresponding inversed pole figures (b) and grain boundary misorientation distributions (c).

In order to study the texture modifications induced by HCPEB treatment without melting of
the surface, the Fe (40 at%)Al intermetallic alloy has been selected. The as-received oxide
dispersed strengthened (ODS) B2 Fe (40 at%)Al alloy was hot extruded at 1250°C from milled
powers [142]. Fig. I1I-32a shows a typical EBSD orientation map of the initial sample. Grain

boundaries having misorientation between 3° to 15° are shown in white while higher
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misorientation ones are shown in black. The standard color triangle is shown inset. The
corresponding inverse pole figure (Fig. III-32b) shows that the initial sample has a <110> fiber
texture // to ND, which is the typical texture for extruded bcc (or B2) alloys [142]. The maximum
intensity of the texture is at 6.5 times random, consistent with earlier XRD results [142]. The

grain boundary misorientation distribution of the initial sample is given in Fig. I11-32c.

The HCPEB treatment was carried out below the onset of melting. Figs. I1I-33a, 33b and 33c¢
show the same type of analysis carried out on the 5 pulsed sample while Figs. I1I-33d, 33e and
33f are relative to the 20 pulsed sample. It is interesting to note in both maps (Figs. I1I-33a and
33d) that many of the initially fairly straight high angle grain boundaries have adopted a curved
aspect; suggesting that some grain boundary migrations occurred during the HCPEB treatment.
The curvature of the grain boundaries was also more pronounced after 20 pulses. This is in
consistent with the TEM observations given before (Fig. I1I-22 and 23). Humphery et al. have
studied such a phenomenon called strain induced grain boundary migration [143]. It normally
occurred during annealing of deformed materials where the grain boundaries move from grains

having lower dislocation density towards the neighbor grains having higher dislocation density.
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ND

process is to reduce stored deformation energy by reducing dislocation density. One of the

specific features of this boundary migration is the curvature aspect of the grain boundaries. In this
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case, during each pulse, the surface layer of the sample was deformed while a dynamic
recovery/recrystallization process occurs due to the high temperature field and stored deformation
energy from the previous pulse. Also, the degree of deformation is different from one grain to
another. The combination of the above processes results in the dramatically increased dislocation
density and migration of the grain boundaries. The increased fraction of low angle grain
boundaries corresponds to the creation of new sub-grains inside the initial grains. As a result,
grains were refined. The determination of the so-called “grain size” by EBSD is dependent on the
selection of misorientation angles. If we use a boundary misorientation angle of 5 degrees for the
determination of grain size, then the average grain size is about 3.6 um for the untreated sample.
It decreases down to 2.8 um for the 5 pulsed sample and 1.8um for the 20 pulsed sample. This

clearly shows a microstructure refinement with the increasing number of pulses.

In Fig. I1I-33b, the texture component of the sample treated for 5 pulses has been shifted to a
fiber which is about 7 degrees away from <110> towards <111>. It has an intensity at about 5
times random. The grain boundary misorientation distribution of the 5 pulsed sample shows an
increased fraction of low angle boundaries. The inverse pole figure of the 20 pulsed sample (Fig.
I1-33¢) shows that the texture consists now of a broader fiber centered on <321> and having a
maximum intensity at about 3 times random. The grain boundary misorientation distribution of
the 20 pulsed sample has also changed significantly: the fraction of low angle grain boundaries
being increased more substantially.

By using the computer code described in chapter II, we calculated the transient thermal cycle
in the present case. The simulation of temperature field reveals a very fast heating and cooling
thermal cycle occurring in the near surface layer with a maximum temperature of 1510K reached
at the top surface within 0.7 pus. In addition to the surface aspect of the sample that is very
different from the melted ones (section II1.2), this calculation confirms that the energy provided
here by the HCPEB treatment did not lead to the melting of the surface (the melting point of Fe
(40 at%)Al is 1653 K). As discussed before, the thermal elastic stress wave can be omitted while
quasi-static stress plays the major role in this case. For FeAl, Young’s modulus £ is temperature
dependent, for example E=170 GPa at room temperature and E= 110 GPa at 773 K. The
calculations show that the maximum amplitude of thermal stress can reach values as high as 2
GPa, much higher than the yield strength of FeAl. Under the action of the high thermal stress

during heating, the grains in the surface layer will be deformed with a very fast deformation rate
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but for very small values of strain. For Fe (40 at%)Al, the linear expansion coefficient o is
temperature dependent and a~1.483x10°+6.7x10°T m/meK [144], while the volume dilatation

coefficient is equal to 3a. Under the two dimensional constraining condition the theoretically

1510
estimated deformation .[293 3a(T)dT would be 7.6%, when the temperature reaches 1510 K, for a

single-pulse of HCPEB treatment on the FeAl sample. After 20 pulses, the total deformation
could therefore reach a value as high as 152%. In combination with the heat cycle, this is large
enough for modifying significantly the texture state of the material. It is clear from the evolution
of the texture and microstructure with the number of pulses given in Fig. I1I-32 to II1-33, that the
repeated action of the beam has generated thermal-mechanical cycles, leading to in situ
recovery/recrystallization processes that have modified the texture. The process has also reduced
the grain size by inducing the formation of low angle boundaries that, under further HCPEB
cycles, should transform towards higher angle boundaries. Unlike conventional deformation
processes, these changes have been induced by the HCPEB technique without significant changes
in the morphology and aspects of the sample. This demonstrates the high potential of the HCPEB

technique.

I11. 5. 3 Special texture formations under evaporating mode

To gain more information about the microstructure issued from partial evaporation and
following solidification of the surface melted zone, FEG-SEM and EBSD were carried out to
characterize the top surface of the HCPEB treated Ni (50.6 at%)Ti samples under evaporating
mode [111-113]. To this end, the NiTi alloy was HCPEB treated with a higher energy than the

one used in the previous section (melting mode).

Fig. I11-34 shows a typical SEM image, its corresponding EBSD map and pole figures for the
case of a sample HCPEB treated for 10 pulses under high energy. These images reveal the
presence of some features that are similar to the ones previously depicted (see section II1.1.3): (i)
several bands in the SEM image that correspond to martensitic variants, (ii) voids corresponding
to shrinkage cavities and (ii1) sub-micrometer grains at the surface. The major difference between

the samples treated under melting and evaporating modes lies in the distribution of the fine grains
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and the shrinkage cavities. While the fine grains and cavities are fairly well distributed over the
entire sample surface under the melting mode, the pulsed sample surface treated under
evaporating mode is characterized by the presence of areas containing no cavities and a very
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near <100> orientations regardless of the color (orientation) of the large grains present
underneath. The pole figures of the small grains (Fig. [I1I-34c) confirm that the texture of the
protrusions present on the surface is a fiber texture consisting of a mixture of two components : a
strong <110> and a weaker <100>.

After melting and potential evaporation, rapid solidification occurs and leads, in this alloy, to
the formation of ultrafine B2 grains at the top surface [80,81]. Under the evaporating mode, the
interesting observation revealed in this work is again the presence of the mixed <100> + <110>
fiber texture. In the present case where evaporation is operating, the EBSD analysis of the surface
does not show the presence of any twin. A mechanism involving twinning is therefore ruled out
in this alloy when evaporation is intensive. At some point during the process, the solidification
and evaporation mechanism must indeed operate simultaneously. Normally, under solidification
the atoms move from the liquid to build up the ordered NiTi solid with preferred growth
orientation (<100>) [145]. Concomitantly, the evaporation process creates an atom flux in the
opposite direction [146]. The evaporation mechanism is known to lead to an atomic motion
having a velocity in the range of several hundred of m.s™' [146,147], which is much faster than
the moving speed of the solidification front. Therefore grain growth proceeds in an environment
where the evaporation mode creates an important atom transfer along the solid/liquid interface;
which may modify drastically the atom attachment conditions during solidification. In addition to
a solidification process strongly affected by the concomitant occurrence of evaporation, the fact
that some of these grains are isolated (ie. OIM map in Fig. I1I-34b) suggests that they may even
have redeposited directly from the vapor. From the analysis of vapor deposition processes, it is
well established that their preferred growth direction can depend on many parameters such as
vapor pressure, substrate orientation, deposition temperature, ... [148]. Clearly, further theoretical
and experimental analysis concerning the HCPEB are required to fully understand the growth
mechanisms of these grains; since it is clear that their nature can not be explained by a rapid

solidification process only.
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Chapter IV Applications of HCPEB treatment

The initial goal of developing HCPEB technique for surface treatment of materials is, in fact,
to apply this new technique in industry [67]. For this sake, HCPEB treatment has been attempted
on different industrial materials under different treating parameters to see how the treatment can
affect the surface microstructures and modify the application properties [67-79]. The
investigations carried out in the past decade have clearly shown that the HCPEB treatment can
lead to non-stationary temperature and strong stress fields in the surface layers of materials. As a
result of those complex processes discussed in the above two chapters, non-equilibrium
microstructures can be achieved in the surface of materials. This may lead to the formation of a
surface layer with improved physical, chemical and strength properties that are often unattainable
with conventional surface treatment techniques. Previous studies did show that the HCPEB
treatment leads to a significant improvement in the wear and corrosion resistances of many steels
and alloys [149-170]. It could also be established that the final structures and properties of
HCPEB treated materials are strongly dependent on the parameters of the electron beam, such as
beam energy and number of pulses [98,114]. Based on the physical foundations and special
effects given before, we will demonstrate here several possible applications of the HCPEB

treatment under different treating modes.

1V. 1 Surface hardening and softening

One of the important effects induced by the HCPEB bombardment on the treated materials is
known to be surface hardening [67]. Many factors account for this effect since the harness of a
material depends on its structural, phase and stress-strain states. All of these states can be
changed by HCPEB treatment as we have discussed before. In fact, the HCPEB treatment can
induce both hardening and softening of the surface depending on the response of the treated
material and the electron beam parameters used. Here, we will show some examples of surface

hardening and softening induced by HCPEB treatments.

Fig. IV-1 shows the evolution of the hardness values obtained on the surface of the D2 steel
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after 5 and 25 HCPEB pulses (section III.1.2.1). The data were obtained with different loads: 25,
50 and 100 g. The initial harness of the sample is about 500 Hv. It does not vary with the load.
After 5 pulses, the hardness increases. It is also interesting to note that the hardness decreases
when the load increases. From the phase and structural analysis given in the previous chapter
(section III.1.2), it is clear that the increase in hardness after 5 pulses can be attributed to the
formation of martensite in the top surface melted layer. The decrease of surface hardness with
load for the 5 pulsed sample is due to the fact that martensite is only confined within the top
surface melted layer that is about 2 um thick. Comparatively, the hardness of the 25 pulsed
sample is lower than that of the initial and 5 pulsed samples. In addition, the hardness increases
when the load is increased. The decrease in hardness after 25 pulses is due to the formation of an
homogeneous layer of metastable austenite in the melted surface layer. This austenite is softer
than the initial material. The increase in hardness with load is also the correspondence of
austenite formation which is only located in the melted surface layer. After 25 pulses, the

thickness of this melted layer is only increased up to 3 um.
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Fig. IV-1 Surface Vicker's hardness of AISI D2 steel samples before and
after HCPEB treatments under different loads.
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Fig. IV-2 Surface microhardness of the quenched and tempered T8 steel samples
before and after HCPEB treatments.
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The surface hardness evolution of the quenched and tempered T8 steel with the number of
pulses is shown in Fig. IV-2. The initial sample has a hardness of about 4.2 GPa. It increases to
5.3 GPa after 5 pulses and 6.7 GPa after 10 pulses. After 25 pulses, the hardness decreases to
about 6 GPa. From the XRD analysis given before (section III.1.1). It can be concluded that the
increased hardness after HCPEB treatment is mainly due to the formation of martensite in the
surface layer. Comparatively, the slight decrease in hardness from 10 pulses to 25 pulses is a

result of the presence of a small amount of austenite after 25 pulses [104].
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Fig. IV-3 Surface microhardness of the quenched and tempered T10 steel as a function
of the number of HCPEB pulses.
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In some cases, the HCPEB treatment may lead only to a continuous softening of the surface.
This is illustrated in Fig. VI-3 in the case of the T10 steel. Clearly, the hardness keeps decreasing
with the number of pulses for the quenched and tempered T10 steel, the decrease in hardness can
be attributed to formation of austenite, whose amount increases with the number of pulses (see

section I11.1.1).

From the above examples, it is clear that the HCPEB treatment can induce both softening and
hardening. In the case of steels, phase transformations have a strong effect. The formation of
martensite is always associated with hardening while the softening can be the result of austenite
formation. Without phase transformation, other factors such as residual stresses, quenched-in
vacancies, grain size modification and dislocation densities can also play a role [92,93,149]. For
example, Pogrebnjak et al. have shown the dependence of hardness on dislocation densities in

pure iron treated by HCPEB [92,93].

1V. 2 Rapid surface alloying

It is already known that HCPEB is a good method for rapid surface alloying. Pogrebnjak et
al. have studied the post-treatment of Ta and Mo precoated Fe samples and found the coated
elements can diffuse significantly into the materials under transient thermal procedures [77].
They used a “duplex” method, that is film deposition plus HCPEB post-treatment, to treat a low
carbon steel [156]. The results revealed that intermetallic compounds were formed during surface
alloying. We have also attempted the HCPEB treatment of powder-precoated Al and steels
(examples being carbon powder on Al, TiN and Cr powders on D2) [79]. Significant mixing of
the precoated powders with the surface layer occurs during the irradiation, resulting in enhanced
mechanical properties such as high microhardness and fretting fatigue resistance. Here we will

show some typical examples on surface alloying by HCPEB treatment.

1V. 2. 1 Oxidation protection of H13 steel by HCPEB treatment

Al films were deposited on the H13 steel samples and HCPEB was then used to treat the Al-

coated specimens [165]. The HCPEB treatments were carried out with parameters including :
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accelerating voltage; 27 kV, energy density; 3 J/cm?, number of pulses; 4 and 15, pulse duration;

1.5 ps.
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1V. 2. 2 Surface alloying of 316L stainless steel with Ti

A thick pure Ti powder layer was pre-coated on the 316L stainless steel sample surfaces by
brushing [171]. They were then treated by HCPEB with the following parameters: energy density

~3 J/em?, pulse duration ~1.5 s, number of pulses being 10 and 20.
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Fig. IV-5 XRD traces of the as received 316L stainless steel (a) and Ti
pre-coated samples after 10 pulses (b) and 20 pulses (c) by HCPEB.
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The phases in the surface layer of untreated and Ti alloyed samples were identified using the
XRD, as shown in Fig. IV-5. It reveals that phase transformation takes place during Ti-alloying.
Comparing with the XRD trace of the untreated 316L steel, which shows a single y-phase
structure, oo phase was found in the melted layer after irradiation. This means that the alloyed
layer contains a mixture of a and y phases because Ti is an o phase former. The addition of the Ti
element into iron favored the formation of a phase. As a result of the HCPEB treatment, the fine
Ti powder was melted and dissolved into the substrate. The melted layer re-solidified to form the
new phase. The peak intensity of the o phase increases with the increased number of pulses,

which is due to the increased depth of the alloyed layer.
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Fig. IV-6 Composition profiles of 316L stainless steel sample after surface alloying by
HCPERB with 20 pulses.

To quantitatively reveal the chemical modifications after the HCPEB treatment, SNMS was
carried out on the Ti alloyed sample treated for 20 pulses. The result of the analysis is shown in
Fig. IV-6, where the evolution of the amount of Ti, Fe, Cr and Ni is plotted as a function of the
distance from the surface. On the top surface, the Ti concentration is about 10 at%. It decreases
gradually with depth and goes down to 2.5 um. The beneficial effect of this Ti diffusion layer has
been demonstrated for corrosion resistance. Indeed, the potentiodynamic polarization tests of the
untreated and Ti-alloyed samples have been carried out in Tyrode’s simulated body fluid. In the
present study, the Ti-alloyed sample with 10 pulses shows the best corrosion resistance. This was

attributed to its better surface state including micro-cracks free and good Ti homogeneity.

1V. 3 Enhanced diffusion

It has been observed that enhanced diffusion effect occurred in a Ti-implanted 9Cr18 steel
post-treated with HCPEB irradiations under heating mode [95]. By applying just several pulses,
the composition profile of the initial implanted Ti could change significantly. Numerical

simulation was carried out to describe the enhanced diffusion effect. It was shown that the
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reduced diffusion activation energy is one of the main reasons that lead to the enhanced diffusion.
This decrease is related to high concentrations of non-equilibrium defects, for instance,
vacancies, induced by the HCPEB irradiation post-treatment [92,93].

To study the enhanced diffusion effect, we have also carried out rapid surface alloying on FeAl
with carbon, for which a graphite powder was spread onto the sample surface before the HCPEB
irradiation. The sample was then treated by HCPEB with 2 pulses. For comparison, a reference
sample was also treated with the same condition but without graphite powders on it. Fig. IV-7
shows a cross section hardness profile versus depth. It shows clearly the stronger effect - an
increase of more than 100HV - associated with the thermally enhanced solid state diffusion of C
on alloying and hardening the surface compared with the directly treated sample. This could be
directly due to the diffusion of the C atoms in the FeAl cell, as it is established that C atoms do
strengthen the atomic binding [172], or to the precipitation of carbides [173].
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Fig. IV-7 Effect of the HCPEB treatment on hardening the Fe-40Al intermetallic.
Samples treated for 2 pulses with (rounded symbols) and without (squared symbols)
the presence of a previously deposited graphite layer.

1V. 4 Improving corrosion resistance

It was recently demonstrated that selective purification as well as homogenization in the
melted layer generate higher corrosion resistances of the precipitate containing materials [114].
This is for example illustrated in Fig. IV-8 for the case of the 316L stainless steel. The electrolyte
solution was the Tyrode's simulated body fluid (TSBF). Clearly, both the open circuit potential
(E.r) and the corrosion current density at the passive state (/,), are improved, showing the better

corrosion resistance after the HCPEB treatment.
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Fig. IV-8 Potentiodynamic polarization curves of 316L stainless steel sample in
Tyrode's simulated body fluid before and after HCPEB with 20 pulses.
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Fig. IV-9 Evolution of the corrosion rate with the number of pulses for the case
of HCPEB treated Mg AZ91 HP alloy.
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Fig. IV-9 gives the result of 5% NaCl immersion test of a Mg alloy AZ91HP before and after
HCPEB treatments [161]. The average corrosion rate decreased after HCPEB treatment and the
best corrosion resistance is found for the sample treated with 10 pulses, which is an order of
magnitude lower than that of the untreated sample. According to the structural analysis, the
existence of dense MgO layer can have a positive effect on the improved corrosion resistance of
the treated sample. Also, the disappearance of the second phase Mg;Al;; in the melted layer
increases Al concentration in surface layer. This over saturated solution favors the formation of a
homogenous passive film during corrosion process and thereby improves the corrosion resistance

of the treated samples.

As was shown before, HCPEB treatment under evaporating mode can effectively change the
surface chemistry of the treated materials [111,112,122]. In the case of NiTi alloy, Ti
concentration increases in the surface layer as a result of selective evaporation. Such a
modification in surface chemistry may significantly change the corrosion behaviors of the treated
materials. As an example, the potentiodynamic polarization curves of the untreated and HCEPB
treated NiTi with 5 pulses under evaporating mode in the simulated body fluid are given in Fig.
IV-10. An obvious difference lies in the open circuit potential ., for the samples that have been
immersed in TSBF for 30 minutes. For the initial sample, E..,= -0.339 V. It increased to 0 V after
HCPEB treatment. Based on the cathodic part of the polarization curve, the corrosion rate is
normally proportional to the calculated corrosion current density. In this case, the corrosion
current density (i) decreased from 1.1x107 A/cm? for the initial sample to 2.78x10® A/cm?® for
the treated sample. In short, the polarization curves reveal a significant improvement in the

corrosion resistance of NiTi after HCPEB surface treatment. The selective evaporation effect,

together with surface_purification effect, leads to the formation of a Ti over-saturated solid

solution layer containing ';‘S 'r;mal in the near surface layer. These effects contribute to the
| I I s pulses| "
improved corrosion rgsistance of the alloy in the simulated body fluid. It should be recalled that
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Fig. IV-10 Potentiodynamic curves of the untreated and treated samples in
Tyrode's simulated body fluid.

1V. 5 Improving wear resistance
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Fig. IV-11 Results of wear resistance of a HCPEB treated S652 steel by drilling
tests [152].

It has been already demonstrated in many previous investigations that the wear resistance of
various steels and alloys can be significantly improved after HCPEB treatment under melting
mode. We have observed that the sliding wear resistance of AISI D2 steel can be improved after
HCPEB treatment [79]. In the case of the H13 steel, HCPEB treatments lead also to an improved
wear resistance compared to the reference one due to the increased hardness after HCPEB
treatment [110]. Ivanov et al. have tested the wear resistance of a HCPEB treated S652 steel by
drilling [152]. The results are summarized in Fig. IV-11. The wear resistance of HCPEB treated
sample is much higher than that of the reference sample and even lower than that of TiN film

coated sample.

Fig. IV-12 gives the evolutions of the friction coefficient measured during fretting wear tests
on an untreated D2 steel sample, a sample HCPEB treated with 20 pulses and a sample precoated
with Cr powders and HCPEB treated by 10 pulses [174]. A significant difference lies in the
starting number of cycles for the severe worn stage can be clearly observed. It can be improved
from 60 cycles for the untreated sample to 700 cycles after HCPEB direct treatment and further
increased to 1500 cycles after HCPEB surface alloying with Cr. The results revealed a significant

improvement in fretting wear resistance of D2 steel after HCPEB treatment.
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Fig. IV-12 Coefficient of friction vs. number of fretting cycles of the untreated
and HCPEB treated D2 steel samples, load : 100N, total number of cycles :
5000, sliding length : 150um.

Wear tests have also been attempted on a HCPEB treated Mg AZ91HP alloy under melting

mode [161]. The sliding wear volume and average friction coefficient were measured for the
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samples before and after the HCPEB treatment. The results are summarized in Fig. IV-13. The
average friction coefficient of the treated samples reduced compared to the original sample. It can
be seen that the wear volume reduced from 7.79x10°mm’ for the untreated sample to
3.29x10”°mm’ for the sample treated with 10 pulses, showing an effective improvement of the
sliding wear resistance of Mg alloy AZ91HP after HCPEB treatment. These results can be
interpreted as follows: (i) the presence of nanograined MgO on the top surface can have a
lubricating effect and improve the wear resistance; (ii) Both the over saturation of Al element in
o(Mg) solid solution and deformations in the sub-surface layer induced by stress waves have
hardening effects on the surface layers. Because the depth of nanograined MgO is only about tens
of nm, it is believed that the increased hardness plays the major role in the improvement of

friction and wear properties in this case [161].
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Fig. IV-13 Evolution of the wear volume and the friction coefficient of a
HCPERB treated Mg AZ91 HP alloy with the number of pulses.

Under evaporating mode, it is also possible to modify substantially the wear property of the
materials. The example shown here is that of a Mg AZ31 alloy [122]. The wear data for the alloy
in reciprocating tests are summarized in Fig. IV-14. The wear rate reduces with increasing the
number of HCPEB pulses. The difference is quite drastic from the untreated sample to the 10-
pulsed treatment. The best result was obtained for the 15-pulsed treatment; with an improvement
in wear resistance by a factor of 6.7. Due to the increase in hardness, the friction coefficient
values were lowered by more than 20% after the HCPEB treatments. In all cases abrasive wear
was encountered but the wear resistance was drastically improved after the HCPEB treatments.

The best wear resistance was observed for the 15-pulsed treatment, with an improvement by more

than a factor of 6 overgthe stpsting material [122].
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Fig. IV-14 Evolution of the wear volume of a HCPEB treated Mg AZ31 alloy HCPEB
treated under evaporating mode as a funlc5t]i0n of the number of pulses [122].
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Chapter V Conclusion and perspectives

V.1 Summary

Recent development and research work carried out using the fairly recently developed

HCPEB technique have been reviewed by underlying its effects under the “melting”, “heating”

and “evaporating” treatment modes.

At first, different physical models for the HCPEB treatment of materials under the three

different treatment modes have been proposed.

The results of calculations concerning the heating mode have revealed that (i) the quasi-static
thermal stress is orientation dependent and has an amplitude of several hundred MPa, which is
enough to induce significant plastic deformation; (ii) the amplitude of the thermal stress wave is
only about several hundred kPa, which in many cases can be omitted. Thereby, this suggests that
the quasi-static thermal stress together with the fast thermal cycle should make it possible to

modify substantially the surface layers under the heating mode.

Calculations concerning the melting mode have shown that (i) the melting starts from the
subsurface, (ii) the depth of the melted layer — which was in good agreement with the
experimental observations - depends on the material properties and input electron beam power
and (iii) the melt solidifies at a speed of several m/s. The subsurface melting is one of the factors
inducing the formation of craters and shock waves. The rapid solidification authorizes the

homogenization of the melted layer and specific grain growth behaviors.

Concerning the evaporating mode, the model can describe quantitatively the whole
evaporation process and the depth of evaporated layer. Therefore, these models have been
demonstrated to be useful tools to give new insight in the understanding of the phenomena

induced by the HCPEB treatment.
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Subsequently, the intriguing surface modifications associated with the HCPEB treatment
were detailed. Techniques such as TEM, SEM, EBSD, X-ray diffraction and SNMS can be used,
in a complementary manner, to analyze accurately the surface and subsurface modifications
encountered in the materials. Some of the different features observed under the three modes are

in the following 3 parts.

a) The major results corresponding to materials treated under the melting mode are :

1. Homogenization of the melted layer.

The high-current pulsed electron beam is demonstrated to be an effective way to achieve
surface homogenization of metallic materials containing precipitates/inclusions. The treatment
induces the formation of craters by eruptions of the second phase inclusions that lead to a
selective purification of the surface melted layer. The associated reduction of the inclusion
density reduces the occurrence of the eruption events on the sample surface. Ultimately, after
sufficient number of pulses, this leads to the formation of a homogeneous — almost crater free-

surface.

2. Ultra fine grain and nanostructure formations.

The results gathered here show the very strong potential for surface nanocystallization of
materials with improved properties by HCPEB technique. The mechanisms were identified to
produce ultra fine microstructures from the melted liquid by taking advantage of the rapid
solidification from the melt as well as solid state martensitic transformation in steels.

3. Metastable phase formations.

The rapid thermal cycles generated by the HCPEB treatment has the potential of generating
metastable structures. This was particularly detailed in the case of different steels. For example,
austenite was retained at room temperature in the D2 steel treated by HCPEB due to the
stabilization from high Cr and C content and the grain size effect. Different solidification paths
and following solid state transformation paths were observed in the same treated surface layer

when the chemical composition of the melt was not homogeneous. For example, ultra fine
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structure of mixed § ferrite, austenite and martensite were found in the HCPEB treated H13 steel
sample. This shows the strong impact of initial composition on the final microstructure after

HCPEB treatment.

4. Formation of specific textures.

The HCPEB irradiation has induced ultra fine grain structures with specific texture states in
the melted surface layers of both (i) the metastable fcc austenite in a D2 steel and (ii) the stable
B2 matrix of a NiTi shape memory alloy. In both cases, rapid solidification of the supersaturated
phases has led to a mixed <100> (weak) + <110> (strong) parallel to ND fiber texture to which
was associated a high portion of twin boundaries. The formation of twin boundaries is likely to
play a major role in the growth mechanisms of the highly undercooled melt that determines the

presence of the final <110> texture.

5. Surface alloying.

Surface alloying by HCPEB under melting mode is an efficient way for improving the surface
properties of materials. For this purpose, other coating techniques were combined with HCPEB
post treatments. The material pre-deposited on the surface can be rapidly mixed into the substrate
during melting. This led to the modification of structure, phase and compositions in the surface

layer.

6. Subsurface hardening.

On the basis of a description of the transient thermo-mechanical processes associated with the
HCPEB bombardment, it is pointed out that the deep modification effect are caused by the stress
wave originated from the quasi-static stress and sublayer melting. The intense stress wave
interacts and modifies the structure and properties over a depth zone of a few hundreds

micrometers, far beyond the heat-affected zone.

b) Under the combined action of the temperature and stress fields, significant modification of the
microstructures and compositions were also demonstrated to take place at the surface without any

melting. The main findings obtained under the so-called heating mode are :
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1. Effectiveness of the thermomechanical cycles.

It is clear that the HCPEB irradiation induces a dynamic temperature field in the surface of
the material and that, concomitantly to the thermal effect, the pulse electron beam creates a
dynamic stress field that causes intense deformation at the material surface and sub-surface. The
deformation is demonstrated to be orientation dependent and formed under the biaxial quasi-
static thermal stress occurring during the HCPEB bombardment. For the 316L stainless steel,
twinning was activated in grains having <111> close to ND while high misorientation
deformation gradients were created by intense crystallograplic slip in the other grains. For the
FeAl intermetallic, local strain resulted in those grains having <100> close to ND to be at a lower

level on the surface than the other grains.

2. Texture modification and grain refinement.

The surface of an initially extruded FeAl sample characterised by a sharp <110> fiber texture
parallel to the sample normal direction was modified towards a broader <321> fiber. Together
with the texture evolution, a grain refinement effect was observed. Both effects are due to the
formation of new (low angle) grain boudaries induced by the repeated cycles of deformation and

dynamic recovery/recrystallization during the HCPEB treatment.

3. Surface purification.

Surface purification in particle reinforced alloys can also occur when the material is treated
under the heating mode. As shown in the case of a Y,O; oxide strengthened Fe (40at%)Al alloy,
the oxide particles were evaporated and removed by HCPEB treatment without any melting of

the FeAl matrix.

¢) The effect of the HCPEB treatment for modifying the surfaces of materials under evaporating
mode has also been clearly established. The occurrence of significant evaporation at the top
melted surface and re-condensation was highlighted by a physical model established for
modeling the evaporating mode. The main features generated by the evaporating mode are :

1. Surface aspect modification.
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In addition to the formation of craters, the action of the electron beam under evaporating
mode is also to modify the surface morphology by forming a wavy aspect on the surface. This
wavy aspect is the consequence of the combination of (i) melting and subsequent selective
“local” evaporation and (ii) deformation in the melted layer operating at the surface of the alloys.

2. Selective evaporation.

The evaporation mode can generate the selective evaporation of some species at the surface
of the treated alloys. The physical model proposed to describe this selective evaporation gave
simulated composition profiles in fairly good agreement with the experimental ones at the
beginning of the evaporation process.

3. Evaporation/condensation phenomena.

The effect of the evaporation mode is more pronounced after sufficient number of HCPEB
pulses; a stage at which a part of the vapor often recondenses on the treated surface. This is
clearly shown by (i) the presence of small protrusions and/or rounded droplets solidified on the
wavy surface and (ii) the special composition distributions along depth after intensive

evaporation.

4. Special texture modification.

A strong <110> fiber is created in the treated NiTi alloy after HCPEB treatment under
evaporating mode due to the rapid solidification and evaporation/condensation mechanisms.
Compared to the melting mode, the <110> oriented grains are often isolated island and, when

grouped together, are not twinned.

Finally, the last section of this document has concentrated on potential applications of the
HCPEB technique to improve the materials’ properties. Under all the three treatment modes,
HCPEB treatment is proved to be an efficient way to modify the surface of metallic materials to
taylor metallic materials’ properties. The combination of super fast thermal cycles and dynamic
stress fields makes it possible to modify substantially the surface characteristics and, in many
cases, improve the mechanical properties faster and more efficiently than other conventional

surface treatment techniques. For examples, as a result of the ultra fine structure formations and
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strain hardening, surface hardness and wear resistance can be effectively improved. Selective
surface purification effect can generate surface layers having improved corrosion properties.
Other possible applications of the HCPEB technique, for example rapid surface alloying, have

been proposed in the literature.

Overall, this review clearly demonstrate that the high potential of the HCPEB technique can
be better achieved by a good control of the processing parameter in order to treat the sample

surfaces under the most appropriate mode.

V. 2 Concluding remarks and future challenges

The HCPEB surface treatment technique is very new and promising technique which has
potential applications in industry and is of great scientific interests. From the investigations
carried out in the present study, future works concerning this technique may involve the
following aspects :

a) Explore further the potential of the heating mode. Indeed, this versatile treating mode is very
interesting and should receive thorough investigations covering its effect on properties going

from hardening towards improvements of fatigue properties.

b) The texture modification induced by the HCPEB treatment under different modes were
always rather unusual. However, the detailed mechanisms involved during rapid
solidification under melting mode, deformation and recrystallization under the heating mode
and condensation under the evaporating mode are still missing. To give more insights
towards the determination of the exact mechanisms, analysis of HCPEB treated single crystal

having different orientations should be carried out.

¢) For some special applications, the HCPEB technique may be combined with other techniques
as a pre-treatment or post treatment method. For example, HCPEB treatment may be used as

pre-treatment to improve the adhesion strength of the films deposited on a given material.

d) The physical models concerning thermal stress fields induced by HCPEB are still not
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complete, especial when plastic deformation is considered. In fact, the stresses and related
deformation procedures during HCPEB treatment are very complicated due to the rapid
thermal cycles and the properties of the treated materials. Further study should consider both
the anisotropic aspects of the stresses and the plastic deformations.

e) HCPEB surface treatments should be applied to new materials and its potential to create

amorphous phases should be tested.

Generally speaking, there are also many other phenomena induced by the HCPEB treatment
remaining unknown or poorly understood. New ideas, theories and other characterization
techniques could be helpful to improve our understanding of the technique and to obtain its full

potential.
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Fundamentals of surface treatments by HCPEB

Abstract

High-Current Pulsed Electron Beam (HCPEB) is a recently developed technique for surface
treatment of materials. The high-density electron pulses of short durations induce dynamic
temperature fields in the surface layers giving rise to superfast heating, possible melting and
evaporating. This is followed by a rapid solidification and cooling of the material surface. In
addition, a dynamic stress field is formed that causes intense deformation in the material sub-
layers. The development and research work carried out using the HCPEB technique have been
reviewed in this thesis by underlying its effects under the “melting”, “heating” and “evaporating”
treatment modes. At first, different physical models for the HCPEB treatment of materials under
the three different treatment modes have been proposed. Subsequently, the intriguing surface
modifications associated with the HCPEB treatment were detailed. Finally, the potential
applications of the HCPEB technique to improve the materials’ properties have been pointed out.
Under all the three treatment modes, HCPEB treatment is proved to be an efficient way to modify
the surface of metallic and intermetallic materials to taylor their properties. Overall, this review
clearly demonstrate that the high potential of the HCPEB technique can be better achieved by a
good control of the processing parameter in order to treat the sample surfaces under the most
appropriate mode.

Résumé

La technique de « High-Current Pulsed Electron Beam » (HCPEB) a été développée
récemment pour le traitement de surface des matériaux. Des impulsions trés courtes avec une
importante densité d'énergie d’électrons induisent des cycles thermo-mécaniques ultra-rapides en
surface. Ces cycles peuvent conduire a la fusion - voir éventuellement a 1'évaporation - de la
couche superficielle ainsi qu’a la formation d’un champ de contrainte dynamique qui est a
I’origine d’une déformation intense en sous-couche. Ce manuscrit propose une revue des
développements récents concernant la technique HCPEB qui ont été obtenus dans le cadre de nos
travaux. Nous montrons I’importance de la distinction entre les trois différents modes de

traitement : le mode ‘chauffage’, le mode ‘fusion’ et le mode ‘évaporation’. Tout d’abord, des
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modeles physiques associé€s a ces modes ont ¢té proposés. L’analyse expérimentale a ensuite été
réalisée sur différents métaux et alliages intermétalliques. Les modifications de surface et certains
phénomeénes spéciaux liés aux différents modes de traitement ont été détaillés. Finalement, nous
avons discuté les applications potentielles de cette technique pour améliorer les propriétés des
matériaux. Il apparait clairement que le potentiel de la technique HCPEB nécessite un bon
contrdle des paramétres de traitement pour modifier la surface des matériaux en utilisant le mode

de traitement le plus appropri€.
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Foundamentals of Surface Treatments by High Current Pulsed Electron
Beam : Application to metallic and intermetallic alloys

Abstract

High-Current Pulsed Electron Beam (HCPEB) is a recently developed technique for
surface treatment of materials. The high-density electron pulses of short durations induce
dynamic temperature fields in the surface layers giving rise to superfast heating, possible
melting and evaporating. This is followed by a rapid solidification and cooling of the material
surface. In addition, a dynamic stress field is formed that causes intense deformation in the
material sub-layers. The development and research work carried out using the HCPEB
technique have been reviewed in this thesis by underlying its effects under the “melting”,
“heating” and “evaporating” treatment modes. At first, different physical models for the
HCPEB treatment of materials under the three different treatment modes have been proposed.
Subsequently, the intriguing surface modifications associated with the HCPEB treatment were
detailed. Finally, the potential applications of the HCPEB technique to improve the materials’
properties have been pointed out. Under all the three treatment modes, HCPEB treatment is
proved to be an efficient way to modify the surface of metallic and intermetallic materials to
taylor their properties. Overall, this review clearly demonstrate that the high potential of the
HCPEB technique can be better achieved by a good control of the processing parameter in

order to treat the sample surfaces under the most appropriate mode.

Key Words: High-Current Pulsed Electron Beam (HCPEB); Surface treatment; Heating
mode; Melting mode; Evaporating mode
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Fig. 1-1 Schematic diagram of the High Current Pulsed Electron Beam (HCPEB) system
1. cathod, 2. spark source, 3. collector, 4. vacuum chamber, 5. solenoid, 6. rokovsky coil, 7. pulsed
high-voltage generator, 8. bracket, 9. electricity controller, 10. pulses trigger, 11. capcitor, 12. 13. manual
vacuum valve 1, 2, 14. 15. pump 1, 2, 16. electromagnetism valve, 17. diffusion pump, 18. nitrogen.
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Fig. 1-3 Typical temperature profiles in the top surface of a material by HCPEB treatment with
different energy density, showing the three treating modes.



EH TR 2R3

2 SEIFTAKIP AT SR R SR T UM R D B B Ailh

2.1 BFREMPIFREHEEERIIE

G/ L SRR b o [T BBl w1 DS = e A S RS R TP LT
PRI A AR RS OL o f s b oo A fL =, DA e 0 e v T 5 5 ] AR A il
AR AR oy 7 s AT EAE I R e R . A TR
LM RE RS AN AR e EIB, PrARESE S LSRR Z B, B0 51k H #
B (WA X e, BItkootss) o B (B 1 #ai 7= A aE)
Mot BLRHER Mg 0 PRk a5 Har, A S @AM A E K71
MR 7T RSO A I T A A AR BB ag . b, XTI
R SCPE AL BOR YL, B A T SR e A R AN DL R I 5] R IR A R A
WELHZAEE R TN RS AR, e 280 B SO A ) TR RE 1 H 1

2.2 REMHS N NI

NS R e A A P DR S 2% B RIS J LT 495 A 1 B8 K 2o LAV BE 1 B
REB LM o XA R W e, AN R A — e 1078 A,
Ji CARL 7 A 1R o PRl R ml AT ABLIA Oy St R A TG R, LB S R ) AN
DAL G R A ) T 8 B 3 gl m] A FL 7 9 N SRR 1) i B K A R AT AR . AR N
B B, B R R B H 1 5 0 R T A R R R T o AR I IR T A A R
X (1) WUZ B B PG, e HE T T AR A AR R s (20 W)
o JZ (R AR, e R e T MR JZ 1) JFG kA PN B 1) PR R AR s S o AR ) S B T
U TR N KL PTIE B R, R NI L SR R S D L s SR I T
SRS REAT B B 1R B 5 R R A A R e e A e S . TR e R
e R B I N AR, BRI SRR AR T R SR R TR IR R G, TR R
B e REBEIN AR RORD K IR 8] 3t T DU B AL, [R] I B 25 7 o SE o I 18] (1
SEATILUR FEANWE ETF o ML AE RO AR P I B R B R AT BRIK, AR AR 4 F T
L 10~ 380 2 B R AR OR IO B 40, A AR X R B R T v, R
FERLREI A &8 T8 R B 2 i 22 000, R AR B2 o BEAE WL TSR I i G, A
A B L o (B N T i N TRy B e s s N T LA T N 5 G =
Ebe IR IFS

TR AR RS LR, FEBRORE bR T a8 vA 0 B R, VA A R T
WIR I E, [R5 ST AR AR 0 SR BE AT AR A PR A DG o N Tl iR 20 B v A



SRR HL T A RER ML R ST

B, T AN TR R AT %, BRI A [ A L AT R S 1 3 3 AR
A, WITBEG TR E S (A4 o X T3l i B, — T LS ok 7t 7 B g B AR
R R A o REREAT SR AR

PRI BE 22 5], RIRE 2 T 80 N SIS ) 3 A AN A) o H 1 TR A R R A
P, B LAAORE R 2 25 T8 AR e B FEBR RS, A XM s e RS RS KB, MREA
] ATE AR S N Iy o N g P= AR DL JE BN A 1 O ) AT AR A O, A
T AE BN B RLYE [ 8 F 3508 0 BRE IR 2 A, T & Y ) 43 A 38 R £ B i R 3 1T R
AR, EEATIE R CHEERAN 7 o XU, nTR RIS SN g AR RS
1 5 LT 5
2.3 mEIFRIEFIIRER

OB 2 s Kt T AR A AL B, NSRRI, JRLEEARACER R, T S
(K359 RELAROME LB e A B R (R O A 7 R <555 M BOR EL AT DG 1
WS, DI 250 A BRI ) B NUECE VS350, APl st ik v vl 7 RS T
eeERL A, bt AT BUR LB

(1) TR R 2 A 0 A ) 5
(2)  HEMIE LR B AR KT H T AR A RE R TR S 5
(3)  FPRMERYL),  HAI B BE IR ) R

TR B AITRE R R R iR e YRR AR RS A S R

oT 0 oT
T)—=—(AMT)—/)+L . 2-1
W(%% &M(%M+vuﬁ (2-1
i T R TR 45 A T(x,0)=T, (2-2)
WFA
- /I(T) aT(x't) |x=o =1 0. (2-3)
ox ’

o0 oo AR R . B SFIEE, Lo BT AR IR D 25
Ty IR WIEEIR S, D TAT RS .
HL 1 SR A DN A ) Th 3 L, H 1 204 -
JOE (1)
r(t)e
o, ) i1 AR SR TR I IR B R, Eo(p) A W AR I IR VI LR RE 1=, r(0)
AT, e A IR, o r) A T ELN SR FL T AR VR 7 n) IR RE 40 o A
PRI, AT LA IR A T () =7 B

L (x1t)=

f(x,r). (2-4)

_10_



EH TR 2R3

f(x,r) =074+ 4.7xr" =8.9(xr™)? +3.5(xr ™), x €[0,7]. (2-5)
—JE B H AR AR SRR R -
r(E,)=C(E,le)*” I p. (2-6)

HehC=10"kg/(m? « V¥?), Egiiriiyiiahest, SO0 iR (kev).

FERUEVH S RE R, PR G AR B BEAE AN R DIAT T 359 R Bt A2 A 11 R
e PR AR AR IS BB (R0 3y H 37 SRSl B (R AN AL, SRR -5 797 RO B A kAT 8
e PR AR < AE AR AZ B B b T B R WROSC OB 11 5 L PR EEAMEAEL AT =Hc .
AR S, 45 R IR B IA Bk fO, — B AR A A vt 2 T3 mT,
I S 3 (K30 F 25 AT L R IR Sl T4 AT s W2 v I — 7 B A (R34 B AR A
NN RN ST RN ER, XA K PSR AR AT W AR BN, (H AR AR S DR KR A B
HRRMIAL o X TAER W R0, AR RIh RE — B e 25K o VU BT AR S

df:wﬁ_nh. (2-7)
AT,
P T AMBI I AL AT ERAAMERRLE . FEIX BRI [R] Py REAL S VA 2 RS Y. A
D" =Yady. (2-8)
X, AR BN E V0] DL R A«
v =2, (2-9)
T

P2 BT S I] ¢ P9, YOO 0 J5 U A2 5 SR 3 B o T ke B
Le :J-(:Ve(t)dt . (2_10)

2.4 AR HEF Y IEAREY

ikt L 5 AR S AR DR = B AN T80 2kt RE RN, AR 28 [ i [
ASPNBA S WS B A FPRES AR, BERRRL R RS 35 20 DR AK 5 & K .
By HBkFERBORI, AR R 2B AR B AT ENE, 4RAERER R
TRk, SRR AR AN a4, TR e AT IHE S8 Hh BT R ] sttt ik vk el
FHABEE PR A MR R E RN, KA 1-6 Yom?, AL LUE— B4 JE A kL= A iR 2
VAL, BT AR A R s B, n] DL BRI FASRE oy T Rk g, 0 T itk
AR LB AT B -

(1) MEHHREZEA Fd, A% ROk B R .

- 11 -



SRR HL T A RER ML R ST

(2) TAAFTER KA, HATGIREA S .
(3) NPT HEW
Sl FAHAE o3 T AR R
1 0°c (x,1) 3 %o (x,t) 1+v  0°T(x,0)
cz ot et 1
Forh v O BHEHRIHALL, —REAE 0.31-0.35 21, o+ a/ W BHE 3 R RIS 25,
CoT WNEPAER R B AL R

(2-11D

Horp N ) o W)U A A o.(x,0)=0. (2-12)
00,x0) (2-13)

ot
Sl GG A T o, (x,0)],0,,=0. (2-14)

2.5 HEFRSIRN NBIEFRE

2.5.1 HRRHERRTSR

W AR s (R A R LU (0 5 JEL A, T Pl T R R T AR R e R b P B
JRIRIEL E I oy A AR W (FEVRBETT I AR, X PG oL N Wi i T B R it
R4, BRI A TTREN, DRI N 28R 7 AR AR g, IR A, ) B 3 T A2 4k
DRI T ] AR HERR SN g o SR FHAMEVE R LUK tH AR g (1) 2R/ Ay«

1 N, 12M .x
o,=0, =——(—aET(x,t)+—+ L
y =0 1_V( (x.1) ; &

Horpr v AMEHOIRA LE, a ARTRHN IR R 2, EA R &, Neh—& 71, il Rat
i «

). (2-15)

Ny =af " E(T)eT(x,0dx. (2-16)
MT G Jil, AR N
M, =a I_II//ZZE(T) o T(x, ) xdx. (2-17)

2.5.2 RIAMBIFTEPRVERTSN N
PR T R R R AR R, W& e A S = A B g, HERME

R VLT A B S 3 AR A R A N 5 ARA A, ARGE TR Ty B, BRI FR Sl kv
APy ] AR U5 R

_12_



EH TR 2R3

o, (x0) = 0. (x,1) = -%T(x, £) + 1Lax. (2-18)
HH TN DR RN, RIEEESS (2-18) v, 25 2 THAY ) 9% 2 i il ol LAZRS, A
MKV

o,(xt)=0.(x1)= —%T(x,t). (2-19)
—-v

A HERRAS N ), ERERE S A T AR, AT G RO A TR 3, 1K ad K
PJ7 1) S8 A R AR I DL e 78 S s AL B AR S R OB A S v UR AR XM L. PRA K
SO TR EAN AT BEM E FH A IR, T BT A AT DL X ELAIEE RS, AR
PERT R EM T 2% ) e, DI HEE ST 2P 1) etk o X0 & 1) e A2 % 18
TIOUL A AFORE 1) IS5 25 7 A2 00285 520, T 22 AR 400 D0 E T R PRV 8 TP 38 28R T LA
WA AT UARSE X (2-19) fh S aliis 38 2 e kot ri - A B Bk I Y. )
BN S SN, % T-alifs, x2.53x10°, v~0.33, E~36GPa. [Aliit, P~900MPa, iXi
25 6 120 O Al AR 11 3 i Mk A BRI T 06 8K AR — i IR T AR T ASE N g R 40 R .
Proskurovisky 5l 5 7 Bk FE s Ak h H - SR T N IHERRS N ), g5 AR Rk
TR DY S A AT 400MPaZe AT, 1K S ERATIAE S 1 4 R BCR SR

2.6 SEITEKIREFIRE TIER TR BUI1E

HREXE TiB7EA 9Cr18 ANR A s SR f 7 ARBEA T R I AR B, AR IR TR
Rz, BRI G ESE LI HTIT, 4PRKY], Bkt i o e B R A A
WY S (R 8 Sy SR A LA ik 35 o st ) AR B2 B N IR 5 e 3 ) IR KK
BEIN S AT S PSRy AR R i PR AT e A P, TR e B 3K i R g L Bt
TR o

P It SRR 1 IR T Bl FC R, i Bk v SR A R AR T g R v, i
RIIER XA, BN R AR, [RIINAFAEIR R MR SRR RN IR, (A
WIRERE 25 FEIR Y AL WY AN N, 9 B s, BA R 20 2 JE e o e i
KRNI = TP B -

L OKREEY HoR:  J, =—D% (3-20)
X
b e Y HURFIKEE, D 2 i RE.
‘ s D
2. WEYHR:  J,=- 0, ca—T (3-2D)

RT?  ox

- 13 -



SRR HL T A RER ML R ST

HA QAR ERY BB IR E, TR, e ESAEE, 0,00 1R

BEASE i ) v s i A, S 2 ) ) I i A%
DV, oo

TRT Cox

o VR B R Y BT G AR AR, oW T, W,k TE I N R R A 5 [l G S ) g

TR, S W e vy N g s ie A%, FH MR m] DL, et R B AR 4k 55 1) A A Bk ] RE D 4™ 1 1)

AT, ] gEPHAS Y HL.

3. NMAYHUR: J, = (3-22)

BYHOR: S, (3-23)
oc oJ

-~ __ (3-24)
sk ot Oox

AT LA RN S5 I O T FE
@ :Di(%_F_Qaz Ca_T+&ca—0) (3-25)
Ot Oox ox RT° oOx RT ox

g RS D = D, exp(-2 ; ?") s WA R 4 P B ELAAS B i 5

2.7 BIIHEER

Zf LR, AR SCHENT T S i L SRR T e i R e L 3 5 T 3 (R B A
R, ZRALE TR (AiE)E. A, FSRS) I SRR bk 7 A
O FR) Sz N FH LA B3 5 e SRS 5 0 2 B R R 2 IR . N 1)
KA WO FEREAT TR S I LUAT R R S 56 45 R nT 45 H LA — 284548
1. SRAARZRYE . AERaES (A Ty 25 05 FE T LK St ik e 7 b3 1 5o (R LR A T A
(IR, TS AR F IR 1 55 1 350 A e LIRS A A, HL P s AR P F
T A RS S R IEAY) £
2. W HFSRAE R A RE S (MR R 0 A, A B R s A e S R AR RN )
3. KRB A S AR RE AT T AR AL, AT £ B R IR DN, 4
£ 0.1MPa 4%, 5 hki I i B 5% 5 3 A b o B i 5 ok o 58 B e e Lo
4. HPREGR T, AR S A B S AR AR U B S Y g, LKA
~100MPa &, KT M RHE mild R (¥13h Jit R B i (A RL R AR AR o e SN ) H
1% 7 51k
5. didJEfrsRmikat B RE L T, £ZRE L RPN AR R N TAf Ak, AR
AN IE 10057,

6. FEURSEHRIN 3T IFERE I, PSRk 7 R SR o AR R T R U T ok ik

_14_



EH TR 2R3

17T BRI, SRR, WY ORI R ) R BN B s A e
B, B E RS s SRRy RUN . JTBEEA TR, IR RN
[ @UiLVST CiRre SBP-A U7 e 2 i

7. XS A RS ZE RN LE TR W, ARk SR T, T B B S A
BTN B, MU Y O R AER AT IO DU, WES I TR A 2
o

- 15 -



SRR HL T A RER ML R ST

3 SRATHKIR BT REMBREFAFKRIAR

SR I L RS ADRER T AR ELAE R A O 2RI, BT AR (1 2 <
g mt, BRI R R RS, R SIEANT) . i IR . fE
I B AT 3L 13K 8 0 R P BEAS TR R BB AU b (BB AT 1 4
A, AHFEIX LI AN AL DA HL 1 AE e R P (R T O A R . DAAE 5
SN, kb L AR e A A PR B AL S AN Ty 3 ml A KOK A2 3K AT 2
8, WAk, A, B A B RER I B, AL MHUBIERE. B0, 2ol likab
HL T IR B PR 22 AR, TS PR P e B et B T A AR R o 3K HLIRAT TR 14
DHE Ikt 7 ACE G I R LR RIS, R, BRI A = P A #EAR K

3.1 7SS I T2 A

FK i HL ARG o A B AT AR AR SRR A RN A H R DR e o X SRRt
REA OO ASAR AT B i T R RENE . SR, H IS Ko L R A R MRS A 2 R 4
SRR Z VEAN IR 70 BT o T AL AE PR FRE [ 1 R r (R AT AT B i 74 0 300 1) 10 [ 2 AR AR A2
PEPRAE — LU RE AR BV AN R ST, DRSS RE P T AP RER AR 32 (1 4121
AIVERE. 9%, ko ol 5 0 = Fh b BB AR nT 5 A AR AS S M R I X B R A
PRI R AR i, D DR o foe A R A AR 5

3.1.1 AISI D2 4N

X HIEFEAISI D2 (Cri2MolVL) AN AR A ik i HL 7 TR 15 W0 A A 45 /) — A i 2
BlF. D2 2o &S EE s L A A ERL AN . AEEfTHCPEBAL FE D2 4N
B i 20 0 R K B AR B, BP 1040°C ARk 30 40, 200°C RNk 3 /. R JE AT 3
JemP iy ke S 7 5 R 25 K

K 3-1a J& 5 TR SR T AL BT (SEMD B, ] LA A 2] —4
T IS B GE L. S ok, AT LA A HE VP 2 EHRLZ, W b E sk R, X4t
RN U EAIER: B RRE M . T R BUNATIH (EBSD) 45 WoR, IXLUEHRA
ZUNE A, TR IG5 (AR FEREAR B8 [ 2 ) (1) i AR OC R NW 2,
25 YK AL FERE () % SEM % Bk T 3-1bo B3R T AR 41/ B EG A4 ks 200
droR 7 i MR R TT, RSTRZITE 50 3 150 4K [h].

D2 AMAE ik it - R o RS 1R T R mT AT e e A A A Ak 3RS R () 45 il B A
ISR . 203k 5 IGET, BT OHAELE I R LA, A0 2 AL 27 B Oy AN g

_16_



EH TR 2R3

IEBEE), K BRI T B AR oy AN AEREE Ve AN RE R, B FAR AN AR
RAEAEDT Cr A C DKk DAL, SRR IO A P Aar TR EAR B AR R e A
Y. gl 25 YCkdi)E, KER BIBALDIE R, AN T3 21 TR W B 3 v 1
RIS (R 5] ZHL 2 J0) DA FEE A o B QAR RN A R T A ) o I ARTASHI i 7 BT R 1 A AT A2 52
E7% o |1 /S S SREN & TR O R E AT PN e viS T v T N L vt R AP S 32 SRR i
A CIEHEM A AL

15.0kY  X3,000 Tum ~ WD 100mm

SEI 15.0kV  X15,000 1um WD 14.9mm

B 3-15 & (a) J 25k (b) & D2 fNK I 1ML SEM TEE
Fig. 3-1 A typical SEM surface micrograph on the 5 pulsed D2 sample (a) and high magnification

SEM surface micrograph of the sample treated with 25 pulses (b).
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Fig. 3-2. Typical BSE surface morphology on the 5 pulsed NiTi sample (a) and high magnification BSE
(b) surface morphology of the sample treated with 20 pulses.
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Fig. 3-3 Typical SEM micrograph on the 20 pulsed FeAl sample under heating mode.
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Fig. 3-4 Typical BSE surface micrograph of the D2 sample treated with 5 pulses.
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Fig. 3-5 Typical surface SEM micrograph of pure Mg after HCPEB treatment under
evaporation mode.
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Fig. 3-6 Typical BSE micrographs observed on the surface of the 5 pulsed (a) and 20 pulsed (b) samples.
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Fig. 3—7 Secondary electron images (2) and its corresponding backscattered electron images (b) of
the 316L sample treated for 5 pulses. The line scans show that the black spots are remnants of MnS.
Fig. ¢ shows a typical laser 3 dimensional morphology on the 5 pulse treated 316L sample and a line

scan of relative height which crosses 3 craters. Fig. d is a SEM image showing the typical aspect of a
crater viewed on cross section of the 316L sample treated for 5 pulses.
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Fig. 3-8 Typical EBSD OIM map measured on the 10 pulsed 316L sample (a), pole figures corresponding to a
grain marked ‘A’ and a line scan of misorientation along the marked line (b).
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Fig. 3-9 EBSD orientation map on the surface of the treated FeAl samples (a — initial sample, d-20 pulsed
sample), corresponding inversed pole figures (b,e) and grain boundary misorientation distributions (c,f).
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Fig. 3-10 Typica EBSD OIM map (a) and the pole figures (b) of the surface of the 10 pulsed
NiTi sample under evaporating mode.
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Fig. 4-3 Effect of the HCPEB treatment on hardening the Fe-40Al intermetallic. Samples treated
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deposited graphite layer.
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Fig. 4-4 Potentiodynamic polarization curves of 316LSS sample in Tyrode’s simulated body
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