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Surface Preparation and Thermal Spray in a

Single Step: The PROTAL Process—Example
of Application for an Aluminum-Base Substrate

C. Coddet, G. Montavon, S. Ayrault-Costil, O. Freneaux, F. Rigolet, G. Barbezat, F. Folio, A. Diard, and P, Wazen

LY
®
@
=
By
D
S
g
®
Q

(Submitted 3 August 1998; in revised form 8 January 1999)

Thermal spray techniques can fulfill numerous industrial applications. Coatings are thus applied to re-
sist wear and corrosion or to modify the surface characteristics of the substrate (e.g., thermal conductiv-
ity/thermal insulation). However, many of these applications remain inhibited by some deposit
characteristics, such as a limited coating adhesion or pores or by industrial costs because several nonsyn-
chronized and sequential steps (that is, degreasing, sand blasting, and spraying) are needed to manufac-
ture a deposit. The PROTAL process was designed to reduce the aforementioned difficulties by
implementing simultaneously a Q-switched laser and a thermal spray torch. The laser irradiation is pri-
marily aimed to eliminate the contamination films and oxide layers, to generate a surface state enhancing
the deposit adhesion, and to limit the contamination of the deposited layers by condensed vapors. From
PROTAL arises the possibility to reduce, indeed suppress, the preliminary steps of degreasing and grit
blasting. In this study, the benefits of the PROTAL process were investigated, comparing adhesion of dif-
ferent atmospheric plasma spray coatings (e.g., metallic and ceramic coatings) on an aluminum-base
substrate. Substrates were coated rough from the machine shop, fotanple, manipulated barehanded
and without any prior surface preparation. Results obtained this way were compared with those ob-
tained using a classical procedure; that is, degreasing and grit blasting prior to the coating deposition.

the substrate is ductile (e.g., light weight alloys). These residue
weaken the coating adhesion; decrease the fatigue properties
the substrate, especially for titanium and titanium-base allo
) (Ref 3-4); limit the diffusion between the substrate and the de
1. Introduction posit when applicable; and modify the wettability of the imping-

Surf i o to th | ingis a k tept ing particles onto the surface and induce thermal stresses due
urtace preparation priorto thermaf spraying IS a K€y SIep 0y, g expansion coefficient mismatch between the grit medi

ensure good adhesion of the coating. Usually, two successive,,q the substrate. To bypass such disadvantages, surface ro
stages are implemented: surface degreasing and surface rouglyying using water jets (Ref 5-6), acid pickling (Ref 7), electric
ening using, generally, grit blasting. Surface degreasing re-yischarge machining (Ref 8), and ice blasting have been teste
moves substances that taint surfaces, such as greases and O#pese operations are often expensive, though, and the steps
(Ref 1). To achieve this step, solvent degreasing is commonlygface preparation and spraying remain sequential.
used, but the nature of the solvent needs to be well adapted to the
nature of the material to be cleaned. Two major disadvantages

Keywords aluminum, coating adhesion, laser ablation, laser surfdce
treatment, PROTAL, surface preparation

are associated with surface degreasing: solvents and/or other ‘ CONVENTIONAL PROTAL®
chemicals have to be removed and recycled, and the operators as | PROCESS PROCESS
well as the environment have to be protected.

The major reason for grit blasting before thermal spraying is taping taping
to generate sufficient surface roughness to ensure a mechanical (if required) (if required)
anchoring between the coating and the substrate. However, grit
blasting always leaves contamination (e.g., grit residue) en-
trapped in the material (Ref 2), the amount being higher when degreasing
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With respect to these aspects of thermal spray processes, thissngement between both guns is achieved in such a way that the
article presents a new technique for surface preparation that cafaser treatment precedes immediately or even overlaps the ther-
reduce the aforementioned difficulties by coupling a Q- mal deposition stage. Hence, the molten particles impinge onto a
switched Nd:YAG laser to the thermal spray torch. This process, surface free of oxides and pollutants (e.g., condensed vapors, de-
named PROTAL (Ref 9-10), combines in a single step the spray-Posited dusts, etc.).
ing operation and the surface preparation (Fig. 1). The purpose
of the laser irradiation is to eliminate the contamination films 2
and oxide layers, to generate a surface state enhancing the de-’
posit adhesion, and to limit the recontamination of the deposited
layers by condensed vapors. The PROTAL process refers to 2.1 Interaction between a Laser Beam and Matter
technique that allows simultaneous surface preparation and
coating operation. This is obtained by the association of the The surface of a solid may be in contact with a vacuum, a gas,
spray gun with a specific laser gun (Fig. 2). The geometric ar-a liquid, or another solid. When a surface is in contact with a gas,

Physical Phenomena Occurring
during Laser Ablation

Table 1 Physical, thermal, and optical characteristics of 2017 (aluminum-base) and Ti-6Al-4V (titanium-base) alloys

2017 aluminum- Reference Ti-6Al-4V titanium- Reference

Properties base alloy No. base alloy No.
Melting temperature, 660 20 1600 20

°C 512-641 21 1650 21
Thermal conductivity, 300 20 30 20

w ikt 238 14 20.7 14

193 21

Absorption depth at 7.95x 1070 22,23 14.13x 107° 22,23

wavelength 1064 nm, m

laser irradiation

vl

gun cables
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motion Fig. 3 Mechanisms of photonic absorption, wherepresents the ir-

radiation intensity and the thickness. (a) Case of a transparent layer.

Fig. 2 Schematic principle of the PROTAL process (b) Case of an opaque layer. (c) Case of a half-transparent layer
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atoms or molecules accumulate on this surface and modify itshigher than a given threshold. This threshold depends on the
properties. This phenomenon is known as adsorption. Dependiure of the matter, as schematically presented in Fig. 4. Depen
ing on the adsorption energy, itis possible to distinguish (Ref 11)ing on the laser processing parameters, a selective ablation
physisorption (energy in the order of 0.1 eV), which is driven by either the greases; the greases and the oxide layers; or t
Van der Waals type interaction and is schematically representedyreases, the oxide layers, and the substrate material can be
by the Morse potential curve (Ref 12), from chemisorption (en- tained.

ergy between 0.1 and a few eV), which induces chemical bonds.

When the energy delivered by laser irradiation becomes higher .

than the adsorption energy, the inverse phenomenon, named. Laser/Substrate Interaction
dei'cgstiﬁg’rggt(i:gasﬁetween alaser beam and matter is a complex Cpntrol of the laser/substrate interaction i_s a key point re
process that depends on (Ref 13-14), among other parameterj%,ard'ng the PROTAL process. The laser irradiation paramete
the substrate nature, the chemical and physical surface prope fave to be _se_lgcteq dgpendlng on the substrate hature. T\.NO. S
ties, the surface microgeometry, the beam energy density, théstrates exhibiting significantly different physical characteristics

duration of irradiation, and the nature and pressure of the sur-and for V.VhiCh surfacg preparatio_n prior to thef”!a' spra_ying im
rounding atmosphere. Schematically, the laser energy is abpl_e_mentlng conventional technlqu.es (eg., grit blasting) arf
sorbed following two complementary mechanisms (Ref 15), crltlca_l were se_lect_ed as examples: 2017 aluminum-base allg
namely the photonic absorption and the inverse BremsstrahlunganOI Ti-6Al-4V titanium-base alloy.

absorption. In both cases, the final result induces the excitation

of electrons in the matter. Then the relaxation of these electrons3.1 Surface Temperature

follows three different mechanisms, depending on the electric ) . .
properties of the irradiated matter. For insulating materials, ~Depending on the thermal and optical characteristics of th
there is trapping of the excited electrons. For semiconductor maSubstrates (Table 1) (Ref 14, 20-23), different phenomena, su
terials, the relaxation is accomplished by heat radiation. Finally, @ heating, roughening, and ablation, can be observed accord
for metallic materials (which is the most often encountered caset© the energy density of the beam and the interaction time. To i
in surface preparation for thermal spraying), the relaxation vestigate the occurrence of Fhese transfo.rmatlon.s durlng.the I
passes by the emission of a quantum of vibration energy (i.e.S€' Matter interaction, experiments were first carried out witho
phonon). In such a way, the phenomenon will consist of eitherthe plasma spraying stage. _
thermal effects (the irradiation absorption increases the tem-  Initially, temperature evolution of the substrate surface wit
perature locally until vaporization phenomena occur) or '€Specttotime was estimated for several specific average po
nonthermal effects such as photoablation (Ref 16). In e\,erydensmes using a simple mathematical quellng gon5|der|n
case, for each material, an intensity threshold is observed (RePnlY the temperature effect (Ref 24). Assuming physical prope
17-18). When the intensity is low, the vaporization of the matter ti€s of the materials and absorbability independent from te
is practically nonexistent, and energy is consumed to activatePerature, the temperature at locatinrand at time, [AT(z, )]
chemical mechanisms. When the intensity reaches intermediatdS €xpressed as:

values, an important substrate vaporization occurs (but emitted

vapors remain transparent to the laser irradiation). For high val- laser intensity

ues of intensity, the same phenomenon occurs, except that emit [a.u.]

ted vapor becomes opaque to the laser irradiation, which is very
quickly absorbed, forming a plasma.

POMBINSY 1984

2.2 Laser Ablation

The laser ablation behavior brings together the aforemen- ___ S
tioned phenomena. The cleaning of a contaminated substrat«ablation threshold
implementing laser ablation leads to a surface free of organic of the substrate
components and oxide layers. Parameters to be chosen deper
mainly on the nature of the contamination (Fig. 3) (Ref 19). If
the contamination is transparent to the laser beam, the intensity
is adsorbed by the substrate (the thermal thickness, which is the
thickness into which the heat is contained, depends on the natur S | S
of the material; for metallic substrate, it varies usually between gblation threshold L -
0.2 and 0.5um). The thermal effect abruptly dilates the surface of the contamination
and induces the breaking and ejection of the contamination lay- layer (oxides)
ers. If the contamination layer is opaque to the laser beam, the
same phenomena occur, but inside the layer. Finally, if pollut-
ants are half-transparent to the irradiation, intermediate phe- oy e i i
nomena (absorption by both the layers and the substrate) occul beam radius
Moreover, and as already mentioned, the laser ablation process
is a threshold process; that is, ablation occurs if the energy is Fig. 4 Principle of the laser ablation process
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3.2 Surface Morphology versus Energy Density
Several mechanisms, such as plasma extension and shock
waves, can lead to a modification of the surface microgeometry

2 [E, DA Wy
0 O Z O
AT(zt) = ————— [H/t Oerfc =———— (t>t
0= e g o ()
z
0__Z __ = (Eq1)

V(t-t) Oerfc —
P D\/S( - tp) m

whereEy is the energy densitydn2 Ais the absorbability, %;
X is the thermal diffusivity, s L kis the thermal conductiv-
ity, W O~ 1K~ t is the interaction time, gjis the depth loca-
tion, m; andy is the irradiation duration, s. The iesfgfunction

is defined as:
2
- x Cerfc(x) (Eq2)

Y
1 _
—e

ierfc(x) = j erfc(Q)dl = =
X I

(Ea3)

[

erfc(x) = 1- erf(x) = VLI e dg
T

:.j

As an example, results are presented for a 2017 aluminum
e

base alloy substrate (Fig. 5). During the first 10 ns (corre- §
sponding to the irradiation duration), a progressive increase ofjis

the temperature can be observed, and for an energy density ove

1.5 Jkni? melting of the material can occur. In fact, not all of
the power of the beam will convert into heat within the substrate,
particularly due to absorption effects by the vaporized material

after a few nanoseconds.
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Fig. 6 Scanning electron microscopy observations of a 2017 alumi-
num-base alloy substrate for different energy densities. (apaiJ.
(b) 2 JtenT2 (c) 3 Jkni2

Fig. 5 Computed surface temperature evolution versus time for a

2017 aluminum-base alloy substrate
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(Ref 15-18) during laser irradiation. Scanning electron micro- substrate material after laser irradiation for several energy de
scopic (SEM) observations (Fig. 6-7) and laser surface pro-sities. Results reveal a strong dependence of the surface m
filometry measurements (Fig. 8) were performed on the phology with respect to the physical characteristics of the

Fig. 7 Scanning electron microscopy observations of a Ti-6Al-4V tita-
nium-base alloy substrate for different energy densities. (é):lln‘.]z.
(b) 2 Jeni2 (c) 3 T2

Journal of Thermal Spray Technology
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material. A preferential laser-matter interaction appears arou
pores for the 2017 aluminum alloy until a total modification of
the surface is induced. Concerning the Ti-6Al-4V titanium alloy,
plastic deformation can be observed with an increase in the e
ergy density of the laser. Thus, a significant roughness increa
can be noted from 1.5Ckni? for the aluminum-base alloy,
while this effect starts earlier but remains moderate in the case
the titanium alloy substrate. Physical characteristics of the matt
rial can then induce strong different behaviors during laser irra
diation (Ref 25).
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4. Deposition on an Aluminum-Base
Substrate
4.1 Materials

A 2017 aluminum-base alloy (in weight percent, 0.5Si-4Cu
0.7Mn-0.6Mg-0.7Fe-0.1Cr, bal Al) was chosen to perform the

Table 2 Feedstock materials characteristics

Particle size
Manufacturer Composition, distribution,
Feedstock reference wt% pm
Pure copper AMDRY 3269 Copper, 99.9 —90 +45
Nickel-chromium  AMDRY 4535 Nickel, 80 —-45+5
Chromium, 20
Grey alumina AMDRY 6226 Alumina, 87 —45 + 22
Titania, 13
1,25 L 1

1 1 1 .
wavelength : 1.064 um

exposure duration : 10 ns
one shoot

0.75- i

B 2017 aluminium base alloy /
0579 @  Ti.6AL4V titaniumalloy i
0,251

Substrate average roughness [um]

T T T T T
0 0,5 1 1,5 2 2,5 3
Laser energy density [J.cm™2]

Fig. 8 Evolution of average surface roughness versus laser energy
density, for 2017 aluminum and Ti-6Al-4V substrates

Volume 8(2) June TR0
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deposition experiments. Specimens were buttons 25 mm in di-whereP is the laser average power, ¥s the laser spot radius
ameter and 10 mm in thickness. on the substrate surfaceZnands is the frequency repetition
Several feedstock materials were considered in this study,rate, S1 The laser torch and the plasma torch were installed on a
namely two metallic (e.g., pure copper AMDRY 3269 and 80Ni- robot head, and specimens were mounted on a rotating sample
20wt%Cr AMDRY 4535) and a ceramic powder (e.g., gray alu- holder. The coating was classically produced by several passes
mina 87Ab0O3-13wt%TiO, AMDRY 6226), shown in Table 2. in front of the system. Spray parameters were close to standard
spray parameters, listed in Table 3. The relative gun/substrate
velocity was slightly adjusted depending on the choice of the la-
ser energy density. The powder feed rate and the number of
passes were adapted to obtain an average value of comparable

coating thicknesses, in the range of 400,
The Nd:YAG laser source used for this study had an average g g a

power of 100 W. The system was designed to be added to exist-

ing equipments (i.e., plasma guns and high velocity oxyfuel 4.3 Interfacial Indentation Test
guns), without modifying spraying parameters (e.g., processing
parameters and kinetic parameters). The laser beam was guide% c
from the laser cavity to the laser gun by fiberoptics, permitting
good flexibility of the system. As displayed on Fig. 9, the beam
profiles at the exit of a fiberoptic are characterized by “top-hat”
distributions, thereby allowing homogeneous treatment of the
irradiated surfaces. The beam focal point of the laser was locate
above the sample surface, so the resulting laser energy densit
ED(J Em-2), on the treated surface is defined as:

4.2 Processing Parameters

Coating adhesion was estimated by implementing the inter-
ial indentation test (Ref 26-28), which permits local measure-
ments compared to the standard ASTM C 633-79 tensile
adhesion test (TAT) (Ref 29). Applying a Vickers indentor is one
method of pulling the coating from the substrate and hence de-
deloping a semicircular crack at the interface, the length of
hich depends on the quality of interface adhesion. The hy-
othesis of crack growth governed by mode | opening was made
(Ref 26), and the hardness relation can be used to determine the

=3 interfacial toughneds,; as:
ED=—73; (Eq4)
nie s 1 p

K = @72 (tany DCs/z

(Ea5)

whereP is the load, NC the crack length, mp is the indentor
half summit angle, 68°. Thg. (Palim~/3 can be considered as

a mechanical characteristic of the interface even if it is influ-
enced by the Young’s modulus and thickness of the coating.
Each given value is the average of ten measurements.

a . .
X ) 4.4 Tensile Adhesion Test
Tensile adhesion tests were performed accordingto ASTM C
633-79 practice code using an HTK ultra-bond 100 glue (HTK,
Hamburg, Germany).
Energy density / x [a.u.] 5. Coating Adhesion
R R . In order to compare the PROTAL process to the standard sur-
] face preparation techniques, a first group of samples was pre-
i b) pared using conventional surface preparation (i.e., degreasing
o T Table 3 Spray parameters
Nickel-
i Pure copper, chromium, Grey alumina,
Energy denSIty / y [a'u'] Feedstock AMDRY 3269 AMDRY 4535 AMDRY 6226
g e, Powder feed rate, 25 25 25
o = T gmin?
E Spray distance, mm 140 140 125
1 C) Argon primary plasma 50 45 40
gas flow rate, NICmin
E Hydrogen primary plasma 6 10 14
— E gas flow rate, NIChin ™t
Current, A 600 580 530
. ) . ) . ) Relative velocity, 46 46 46
Fig. 9 “Top-hat” beam profile at the exit of a fiber optic. (a) Spatial m Chine

distribution. (b) Radial distributior/ (c) Radial distributiory/
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and sand blasting, group 1), and a second group was treated witrameters should be adjusted. A further optimization of the lase
the PROTAL process (group 2). processing parameters should then permit enhanced results
already shown with other systems (Ref 1).
5.1 Coating/Substrate Interface
Considering the coating-substrate interface (Fig. 10), it ap- 1 1 1 I
pears that the interface of the sample corresponding to the PRO % standard surface preparation
TAL process is clear and smooth, whereas the interface of the & 5
sand-blasted sample is irregular and rough, as usual. The san=< 0.8{® PROTAL®0,75 J.cni i

ples treated by the PROTAL process were taken directly from
the machine shop and manipulated barehanded; that is, no spe
cial clean handling operations were taken.

|

5.2 Coating Adhesion

Significant differences were observed between the different
treatments both with the interfacial indentation test (Fig. 11) and
the tensile adhesion test (Fig. 12). For a given coating/substrate
system, the interfacial indentation and the tensile adhesion test:3
produced similar values for the PROTAL and standard process-w=
es. Meanwhile, the interfacial indentation conditions seemed,
generally speaking, more favorable for the PROTAL process

rfacial fracture toug
[MPa.m 1/}

while the tensile adhesion test favored the standard process Ba -oa ata
These results clearly show the effectiveness of the PROTAL Os < i% e i§
process together with a strong influence of the material proper- g Z. §>~ & §>~
ties on the laser treatment. Due to the mechanical or thermo- gﬁ g“ omgl“
physical characteristics of the different coatings or of the % % :“v%

substrate, the laser impact can be different, and therefore pa-

Fig. 11 Comparison of interfacial toughness for different coatings on
_ i an aluminum-base substrate implementing classical surface prepara:
a) degreased + sand-blast tion and PROTAL process with an energy density of 02502

standard surface preparation

B PROTAL® 0,75 J.cm?2

50

e 25 micrometers

b) PROTAL®

Adherence [MPa]

S5 =Sa aZe
02 QEd © 28
@ -;—1—°§ - E‘g

@ I E.(
=% “8% w58
2 & @) %g
_~ZF

~ <«

easssmmme 25 micrometers

Fig. 12 Comparison of adherence from tensile adhesion tests for dif-
) ferent coatings on an aluminum-base substrate implementing classical
Fig. 10 Pure copper coating onto a 2017 aluminum-base alloy sub-  surface prefaration and PROTAL process with an energy density of
strate. (a) Degreased and grit-blasted sample. (b) PROTAL process 0.75 Jemi™
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6.

Conclusions 13

The PROTAL process, implementing laser technology in

conjunction with the spraying process, is a technique able to re-
place actual surface preparation procedures before spraying. It

permits not only the elimination of pollutants (e.g., greasy sub-

stances, oxide layers, and dusts), but it also generates good
bonding of the coating to the substrate. The process is performed
in a single step with spraying and should thus, among other ad-
vantages, improve the overall quality of thermal spray coatings 15
and reduce their global cost.

16.

Acknowledgment

This work was supported by the European Community under

grant program Eureka EU1472.

17.

References

1.

10.

11.

12.

S. Audisio, M. Caillet, A. Galerie, and M. Mazille, Préparation d'une
Surface (Surface Preparatiofjaitements de Surface et Protection
contre la Corrosion (Surface Treatments and Protection against
Corrosion),Les Editions de Physiques, Paris, France, 1987, p 169-174

. J. Wigren, Grit Blasting as Surface Preparation before Plasma Spray-

ing, Surf. Coat. Technolpl 34, 1988, p 101-108 2

. H. Gray, L. Wagner, and G. Lutjering, Influence of Surface Treatment
on the Fatigue Behavior of Ti-Alloys at Room and Elevated Tempera- 21.

tures,Sixth World Conference on Titanium,Lacombe, R. Tricot,

and G. Béranger, Ed., Les Editions de Physique, Paris, France, 1998, [22.

1895-1900

. R.A. Jukes, The Fatigue Properties of a High Strength Titanium Alloy,

The Science, Technology and Application of Titanigrh,Jaffee

and N.E. Promisel, Ed., Pergamon Press, 1970, p 923-931 23.
. T.A. Taylor, Surface Roughening of Superalloys by High Pressure Pure
Waterjet,Thermal Spray Science and Technol@¢. Berndtand S. 24.

Sampath, Ed., ASM International, 1995, p 351-358

. J.K. Knapp and T.A. Taylor, Waterjet Roughened Surface Analysis and

Bond StrengthSurf. Coat. Tech\ol 86-87, 1996, p 22-27

. N. lIwamoto, Y. Makino, N. Umesaki, S. Endo, and H. Kobayashi, The

Effects of Pretreatments of Metals on Bond Adhesldih Interna- 25
tional Thermal Spraying Conference Proceedimgsytscher Verlag
fur Schweif3technik GmbH, Dusseldorf, Germany, 1983, p 18-20

. 0.0. Popoola and M.J. Zaluzsec, Mechanical and Chemical Modifica-

tions of Cast Aluminum Alloy Surfaces by E.D.M. for Thermal Spray 26
Coating AdhesionThermal Spray: Practical Solutions for Engi-
neering ProblemsC.C. Berndt, Ed., ASM International, 1996, p 968

. C. Coddet and T. Marchione, Procédé de Préparation et de Revétement

de Surface et Dispositif pour la Mise en Oeuvre Dudit Procédé (Process
for the Preparation and Coating of a Surface and Apparatus for Practic-
ing Said Process), French Patent FR9209277, 21 July 1993 7
C. Coddet and T. Marchione, Process for the Preparation and Coating of

a Surface and Apparatus for Practicing Said Process, Canadian and u.£8.

Patent extensions
D. Spanjaard, “Présentation de la Surface” (Presentation of the Sur-
face), Ecole Thématique du CNRS sur I'Ablation Laser (CNRS Meet-

ing on Laser Ablation), CNRS, 1996, p 77-111 29.

J.C. Mallet and R. Fourni€ours de Chimie (A Course on Chemis-
try), Dunod, Paris, 1995, p 547

2421 Volume 8(2) June 1999

. M. Bouchy and J.C. André, Processus Primaires en Photochimie et Pho-
tophysique (Elementary Processes in Photochemistry and Photo-
physic),Techniques d’Utilisation des Photofi®chniques for Using
Photons), J.C. André and A.B. Vannes, Ed., DOPEE Diffusion, Avon,
France, 1992, p 67-95

4. A. Catherinot, D. Damiani, C. Champeaux, and G. Girault, Photoabla-

tion par Laser (Laser Photoablatiohpser de Puissance et Traite-
ments des Matériayower Laser and Materials Treatments), Presses
Polytechniques et Universitaires Romandes, Lausanne, Switzerland,
1991, p 19-57
. L. Landau and E. LifchitzZPhysique StatistiquéStatistical Physic),
MIR Editions, Moscow, 1984, p 592
G. Petite and P. Daguzan, L'’Absorption de I'Energie et ses Con-
séquences (Energy Absorption and Its Consequeriees)e Théma-
tique du CNRS sur I'ablation Lasé6ZNRS Meeting on Laser Abla-
tion), CNRS, 1996, p 159-218
D. BaterlelLaser Processing and Chemisteyd ed., Springer Ver-
lag, 1996, p 649

18. B.N. Chichkov, C. Momma, S. Nolte, F. Von Alvensleben, and A. Tin-

nermann, Femtosecond, Picosecond and Nanosecond Laser Ablation of
Solids,Appl. Phys. Ayol 63, 1996, p 109-115

19. N.P. Leung, W. Zapka, and W. Ziemlich, Cleaning Techniques for Re-

moval of Surface Particulatek,Appl. Physyol 7, 1992, p 3515-3523

0. Handbook of Chemistry and Physi66th ed., R.C. Weast, Ed., CRC

Press, Inc., 1986

Metals Handbook, Desk EditioH,E. Boyer and T.L. Gall, American
Society for Metals, 1985

A. Catherinot, Interaction Laser-Matériau, Aspects Thermiques/
Nonthermiques, Photoablation et Transport de la Matiere Ejectée,
Ecole Thématiqgue du CNRS sur I'ablation La@&MRS Meeting on
Laser Ablation), CNRS, 1996

M. Bass,Handbook of Optic¢Devices, Measurements and Proper-
ties) Vol 2, 2nd ed., McGraw-Hill Inc., 1995

F. Mzali, “Etude des Effets d'une Irradiation de Surfaces Métalliques
par un LaserX = 1.064pm) de Courte Durée d'impulsion (10 ns)”
(Study of the Effects of a Metal Surface Irradiation by Short Laser
Pulses), LERMPS Internal Report, Institut Polytechnique de Sévenans,
Belfort, France, 1997

. A.B. Vannes, Effets Thermiques du Rayonnement Laser (Thermal Ef-

fects of Laser Beam)lechniques d’'Utilisation des Photo(&ech-
niques for Using Photons), J.C. André and A.B. Vannes, Ed., DOPEE
Diffusion, Avon, France, 1992, p 349-354

. D. Choulier, P. Fluzin, G. Thauvin, and C. Coddet, Characterization of

the Substrate—Coating Interface Toughness by the Interfacial Indenta-
tion Test. Influence of Different Parameters on the Bond Strefigtt,
Plasma-Technik Symposiutbucerne, Switzerland), Vol 2, 18-20
May 1988, p 293-305

. P. Ostojic and R. McPherson, Indentation Toughness Testing of Plasma

Sprayed Coatingd/aterials Forum\ol 10 (No. 4), 1987

D. Choulier, P. Fluzin, and C. Coddet, Influence of Spraying Parameters
on the Adherence of Atmospheric Plasma Sprayed CoaSing, In-
ternational Conference of Heat Treatment of Me(@lsicago, IL),
28-30 Sept 1988, p 75-78

ASTM Designation C 633-79, Standard Test Method for Adhesion or
Cohesive Strength of Flame-Sprayed Coatia§86 Annual Book of
ASTM Standard®art 2, ASTM, 1986, p 754-760

Journal of Thermal Spray Technology



