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(57) ABSTRACT

A method for making a multilayer coating on a surface of a
substrate by means of at least one thermal spraying method,
wherein the following successive steps are carried out:

a) a first nanostructured or finely structured layer (21) of a
first material is deposited on the surface of the substrate
(20) by means of a thermal spraying method via a liquid
route; the surface of the substrate (20) not having been
subject, prior to the deposition of the first nanostructured
or finely structured layer (21), to any preparation or
activation treatment other than an optional cleaning
treatment;

b) a second microstructured layer (22) of a second material
is deposited on the first nanostructured or finely struc-
tured layer (21) by means of a thermal spraying method.

The first layer obtained in step a) is an adhesion layer aiming
at optimizing the adhesion of the layer obtained in step b)
without any surface preparation or activation.
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METHOD FOR PREPARING A MULTILAYER
COATING ON A SUBSTRATE SURFACE BY
MEANS OFTHERMAL SPRAYING

TECHNICAL FIELD

[0001] The invention relates to a method for preparing a
coating on a surface of a substrate by at least one thermal
spraying method.

[0002] More specifically the invention relates to a method
for preparing a multilayer coating adhering onto a surface of
a substrate by means of at least one thermal spraying method.
[0003] Theinventionin particular applies to the preparation
of a thick ceramic(s) coating on a metal substrate.

[0004] Thetechnical field ofthe invention may be generally
defined as that of the preparation, manufacturing of a coating
by thermal spraying.

STATE OF THE PRIOR ART

[0005] Thermal projection, spraying is part of the tech-
niques for surface treatment via a dry route. With this tech-
nique it is possible to make thick coatings, generally with a
thickness from a few tens of micrometers to a few hundreds or
even thousands of micrometers, of very diverse natures on
just as diverse substrates or parts to be coated.

[0006] All the thermal spraying systems use a heating
device in which a gas is introduced, a so-called projection,
spraying, gas, used for accelerating, heating and transporting
fine particles as far as the part to be coated, which particles are
typically of micrometric size, i.e. generally a size from 50 to
100 micrometers. The fine particles, solid in the initial state,
may be in the liquid, semi-molten, or even solid state after
passing into the spraying gas.

[0007] These particles are injected into the spraying gas by
means of a gas bearing them, a so-called carrier gas. The user
has to have the momentum of the carrier gas and of the
particles coincide with that of the spraying gas in order to
allow the particles to properly penetrate the spraying gas.
[0008] The spraying gas brought to a high temperature, is
thus an enthalpy and kinetic source which allows the particles
to be heated up to their melting point or beyond, and to be
imparted with a certain velocity.

[0009] In the following, methods via a <<conventional
route>> or more simply <<conventional>>methods will des-
ignate thermal projection, spraying methods via a “dry route”
which use dry micrometric powders as opposed to methods
via a <<liquid route>> described below which apply suspen-
sions of nanometric particles or solutions of precursors of
these particles.

[0010] The particles projected, sprayed onto the substrate
are crushed and spread out in multiple ways depending on
their velocity, their molten state, their temperature, etc.
[0011] By accumulating the particles on the substrate it is
possible to produce the coating by stacking these particles.
[0012] There exist many ways for producing a deposit by
thermal spraying but the most currently used methods in the
industry are flame-powder spraying, arc-wire spraying,
supersonic or hypersonic spraying designated as <<HVOF>>
i.e. <<High Velocity Oxy-Fuel>> or <<HVAF>>1i.e. <<High
Velocity Air Fuel>>, and plasma spraying (blown arc or radio
frequency plasma).

[0013] A description of these methods is made in document
[1] and in document [2].
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[0014] All kinds of substrates may thus be provided with a
coating and acquire a reinforced function during their use.
[0015] For example, these substrates may be provided with
a coating acting as a heat barrier, or an anti-corrosion barrier,
an anti-wear layer etc., or further as a layer imparting them
heat stability, hardness properties, etc.

[0016] But many problems subsist notably related to
incompatibility between certain thermal projection tech-
niques and the characteristics of the part to be coated, or else
between the fed material intended to form the coating and the
part to be coated.

[0017] Thus, some thermal projection methods do not
allow coating of mechanically brittle parts, the heat sensitiv-
ity of which is significant, or of parts with a complex shape
having inaccessible areas.

[0018] Withthe fed material, problems of wettability, adhe-
sion and differential expansion with the material which forms
the part to be coated are posed.

[0019] One of the fundamental properties which the coat-
ings made by thermal projection, spraying should have is
adhesion of the coatings to the surface of the part to be coated
further called a subjectile.

[0020] Different adhesion mechanisms have been shown,
these mechanisms are the following:

[0021] mechanical anchoring: it is generally due to con-
traction of the projected, sprayed material into the
irregularities, unevennesses of the subjectile;

[0022] adsorption: this is adhesion which may generally
be described as “chemical” adhesion which may range
from chemisorption due to Van der Waals forces to phy-
sisorption due to permanent dipoles.

[0023] electrostatic adhesion: it may be caused by a
double layer of charges of opposite sign at the interface.

[0024] diffusion: this may be molecular diffusion in the
case of polymers, or atomic diffusion in the case of
alloys, in the vicinity of the interface.

[0025] Several studies have shown that the preponderant
mechanism in thermal projection is the mechanical anchoring
of the projected particles on the irregularities, unevennesses
present at the surface of the subjectile.

[0026] In order to obtain increased mechanical adhesion,
different surface preparation methods are used, the most com-
mon being shot-blasting with various abrasive materials such
as sand, corundum and ice as this is described in documents
[5] and [6].

[0027] However, upon the impact of the abrasive material
on the surface, residues remain anchored in the surface and
are sources of pollution. This is why the technique of ablation
by a high pressure water jet has been developed. This tech-
nique, which allows modification of the roughness of the
surface of the substrate, the subjectile, without incorporating
therein abrasive residues, is notably described in documents
[7] and [8].

[0028] However, in addition to possible surface contamina-
tion phenomenon, the surface preparation techniques men-
tioned above require the use of high pressures and therefore
induce, depending on the cases, compression or traction
stresses which may reach 400 MPa on the surface of the
subjectile. These stresses may in the case of substrates with
small thicknesses, generate non-negligible deformations.
[0029] In order not to deform the substrate by mechanical
stresses, other surface preparation techniques have been
developed.
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[0030] Thus, documents [10] and [11] propose the use of
laser irradiation which may cause total or partial removal of
the surface-contaminating film and modification of the mor-
phology of the surface of the subjectile.

[0031] Document [12] mentions the use of electric dis-
charges between an electrode and the substrate in order to
suppress the oxide layers and to generate roughness.

[0032] Different studies, discussed in documents [13],
[14], and [15] show the influence of adhesion mechanisms
other than mechanical anchoring, which are relatively com-
plex and uncontrolled.

[0033] It appears that the use of the techniques mentioned
above, said to be surface activation techniques, may be diffi-
cult to contemplate industrially for preparing a surface prior
to thermal spraying because of their relatively high financial
cost.

[0034] As a summary, industrial or experimental tech-
niques for activating or preparing a surface as described
above, which have the goal of improving adhesion of coatings
prepared by thermal projection, spraying either have the
drawback of high financial cost or the drawback of generating
mechanical stresses in the substrate to be coated.

[0035] Therefore there exists a need for a method for pre-
paring a microstructured coating on a substrate by means of a
thermal projection, spraying, method via a dry, conventional
route, with which a coating may be obtained having excellent
improved adhesion properties, without resorting to the prepa-
ration or activation of the surface of the substrate other than
simple cleaning.

[0036] In the early 1990’s, a novel thermal projection,
spraying technique appeared, i.e. the spraying of nanomate-
rials via a <<liquid route>>, a so-called suspension projec-
tion.

[0037] The carrier gas and the micrometric particles of
conventional thermal spraying are replaced with a suspen-
sion, dispersion or mixture of a liquid and of nanometric
particles.

[0038] Indeed, in the conventional thermal spraying
method, via a dry route, the particles have to have sufficient
momentum for promoting their penetration of the spraying
gas and thereby allowing an adequate heat treatment of these
particles.

[0039] However, nanometric particles because of their low
mass, cannot reach sufficient momenta, unless the flow rate of
carrier gas is increased very significantly, which has the con-
sequence of significant deviations of the spraying gas, mak-
ing any building of the deposit impossible.

[0040] By using a suspension, the use of nanometric par-
ticles which was not possible with the <<conventional>>
method via dry route, becomes possible.

[0041] Indeed, in contact with the spraying gas, the jet of
suspended particles will break up and the liquid will evapo-
rate, the particles will therefore be able to be heat-treated and
accelerated towards the part to be coated, in order to thereby
form a finely structured coating, as this is described in docu-
ment [16].

[0042] Document [17] describes a system with which
deposits may be made by plasma spraying from suspended
nanoparticles.

[0043] Thermal projection of suspensions is also the sub-
ject of documents [18], [19], and [20].
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[0044] Complementary studies have determined the
parameters of the method which influence the building of the
deposit ([21], [22]) and the possible cohesion with the sub-
strate ([23], [24], and [25]).

[0045] The nanostructured layers have optimized proper-
ties, both mechanical and physico-chemical properties.
Indeed, a decrease in the size of the particles allows a strong
increase in their specific surface area, in the number of inter-
particulate contacts as well as the shape, size and geometry of
the porosities.

[0046] Because of the decrease in the size of the particles
used in the method for thermal spraying of a suspension, new
phenomena should be taken into a account.

[0047] Thus, mechanical adhesion requires surface irregu-
larities, unevennesses with a significantly smaller size, i.e.
submicron or even nanometric sizes, and new adhesion
mechanisms appear such as Van der Waals forces or electro-
static forces.

[0048] The coatings prepared by thermal spraying of sus-
pensions therefore do not require any particular preliminary
surface preparation.

[0049] Document [26] shows that it is possible to produce
deposits with optimized properties and with a non-negligible
thickness (100 um). However, a too large increase in the
thickness of the nanostructured deposit may cause its deco-
herence [27].

[0050] Thermal spraying of suspensions is therefore lim-
ited to the making of so-called <<thin>> layers, i.c. with a
thickness of generally less than 150 pm.

[0051] Thermal spraying methods via a liquid route there-
fore allow the preparation of adhering layers, but these are
only nanostructured or finely structured layers and not-mi-
crostructured layers which are not very thick.

[0052] The need, already mentioned above for a method for
preparing a microstructured coating on a substrate by a ther-
mal spraying method with which a coating may be obtained,
having improved excellent adhesion properties, without hav-
ing to resort to preparation or activation of the surface of the
substrate other than to simple cleaning, therefore remains
unsatisfied.

[0053] In other words, therefore, considering the forego-
ing, a need exists for a method for preparing a coating on a
substrate by thermal spraying which does not have the draw-
backs, defects, limitations and disadvantages of the method of
the prior art such as the conventional methods via a dry route
and which solve the problems of these methods.

[0054] The goal of the present invention is to provide such
a method which inter alia meets this need.

SUMMARY OF THE INVENTION

[0055] This goal and still other ones are achieved according
to the invention by a method for preparing a multilayer coat-
ing ona surface of a substrate by means of at least one thermal
spraying method, in which the following successive steps are
carried out:

[0056] a) a first nanostructured or finely structured layer of
a first material is deposited on the surface of the substrate by
a thermal spraying method via a liquid route; the surface of
the substrate not having been subject, prior to the deposition
of the first nanostructured or finely structured layer, to any
preparation or activation treatment other than an optional
cleaning treatment;



US 2013/0101745 Al

[0057] b) asecond microstructured layer of a second mate-
rial is deposited on the first nanostructured or finely struc-
tured layer by a thermal spraying method.

[0058] By cleaning, is also meant degreasing.
[0059] Advantageously, the coating is a thick coating.
[0060] By thick coating, in the sense of the invention, is

generally meant that the coating has a thickness greater than
or equal to 100 pum, preferably greater than or equal to 150
pm.

[0061] The thickness of the coating, which is generally
greater than or equal to 100 pum, preferably greater than or
equal to 150 um, may generally range up to 1 mm or even 10
mm, and this thickness is equivalent to that of a deposit
obtained by a conventional spraying method in which a
preparation, activation of the surface is carried out for
example by mechanical sanding.

[0062] In other words, in the method according to the
invention, a deposition of a <<thick>> coating is generally
made with a thickness which may be described as conven-
tional, except that no preparation of the surface of the sub-
strate is carried out for increasing the roughness thereof, and
that in order to retain good adhesion, one begins by depositing
a nanostructured or finely structured first layer via a liquid
route.

[0063] The thermal spraying method carried out in step b)
may be any method.

[0064] However, advantageously, the thermal spraying
method of step b) may be a thermal spraying method via a dry
route.

[0065] Advantageously, during step a), the thermal spray-
ing method may use a suspension of nanometric or submicron
particles of the first material.

[0066] By nanometric particles is generally meant that
these particles have a size, as generally defined by their larg-
est dimension, from 1 to 100 nm.

[0067] By submicron particles is meant generally that these
particles have a size generally defined by their largest dimen-
sion, from more than 100 nm to 1,000 nm.

[0068] These nanometric or submicron particles, for which
the size is therefore located generally within the range of one
hundred nanometers cannot be projected, sprayed by a con-
ventional method via dry route, but only by a method via a
liquid route.

[0069] These nanometric or submicron particles are then
treated, whereby the nanometric or submicron particles form
the first nanostructured or finely structured layer of the first
material on the surface of the substrate.

[0070] Or else, during step a), the thermal spraying method
uses a solution of reagents which are precursors of the first
material.

[0071] This solution of precursor reagents is then treated
with an enthalpy source, whereby the precursor reagents react
and form the first nanostructured or finely structured layer of
the first material on the surface of the substrate.

[0072] Advantageously, the thickness of the first nanostruc-
tured or finely structured layer of the first material deposited
on the surface of the substrate, may be greater than the thick-
ness of said first layer in the final multilayer coating obtained
at the end of the method.

[0073] Advantageously, during step b), the thermal spray-
ing method uses a dry powder of micron-size, micrometric
particles of the second material, and these micron-size par-
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ticles are then treated, whereby the micron-size particles form
the second microstructured layer of the second material on
the first layer.

[0074] Advantageously, the second material has the same
composition as the first material (in other words the first
material and the second material are the same) and/or the
second material has a crystallographic structure close to the
one of the first material, and/or the second material has a
thermomechanical behavior close to that of the first material.
[0075] In other words, advantageously, the nanostructured
layer has the same (chemical) composition as the microstruc-
tured layer.

[0076] Expressed otherwise, advantageously, the nano-
structured layer and the microstructured layer are in a same
material and differ by the fact that one has a nanostructure
while the other one has a microstructure.

[0077] Advantageously, after step b), a step ¢) is carried out
during which a third microstructured or nanostructured or
finely structured layer of a third material is deposited on the
second microstructured layer of the second material by a
thermal spraying method.

[0078] The thermal spraying method for depositing the
third layer may be a thermal spraying method via a dry route
or via a liquid route.

[0079] The third layer may actually be microstructured or
nanostructured or finely structured depending on the sought
application. Thus, a third nanostructured or finely structured
layer is preferred for example in the case when it is desired to
provide imperviousness to the coating.

[0080] The second and third layers of steps b) and ¢) may
have different functions.

[0081] Advantageously, the third material has the same
composition as the second material (in other words, the third
material and the second material are the same) and/or the third
material has a crystallographic structure close to that of the
second material, and/or the third material has a thermome-
chanical behavior close to that of the second material.
[0082] In other words, advantageously, the third layer has
the same (chemical) composition as the second layer.

[0083] Expressed otherwise, advantageously, the third
layer and the second layer are in a same material.

[0084] Advantageously, the thermal spraying method via a
liquid route used in step a) is selected from supersonic or
hypersonic spraying methods designated as <<HVOF>>i.e.
<<High Velocity Oxy-Fuel>> or <<HVAF>> i.e. <<High
Velocity Air Fuel<<; the detonation gun spraying method
called <<D-GUN>> method, and the plasma spraying meth-
ods, for example with a blown arc or radiofrequency plasma.
[0085] Advantageously, the thermal spraying method used
in step b) is a thermal spraying method via a dry route selected
from methods used for step a), i.e. supersonic or hypersonic
spraying methods designated as <<HVOF>> ie. <<High
Velocity Oxy-Fuel>> or <<HVAF>>1.e. <<High Velocity Air
Fuel>> methods, the detonation gun spraying method called
<<D-GUN>> method, and the plasma spraying method for
example with a blown arc or radiofrequency plasma; and
further from the flame-powder spraying method and the arc-
wire spraying method.

[0086] Advantageously, the thermal spraying method used
in step ¢) is either a thermal spraying method via a liquid route
selected from thermal spraying methods via a liquid route
used for step a), i.e. supersonic or hypersonic spraying meth-
ods designated as <<HVOF<< i.e. <<High Velocity Oxy-
Fuel>> or <<HVAF>> i.e. <<High Velocity Air Fuel>>, the
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detonation gun spraying method called <<D-GUN>>
method, and the plasma spraying methods, for example with
a blown arc or radiofrequency plasma, in the case when the
layer deposited during step ¢) is a nanostructured or finely
structured layer; or else a thermal spraying method via a dry
route selected from spraying methods via a dry route used for
step b), i.e. supersonic or hypersonic spraying methods des-
ignated as <<HVOF>> i.e. <<High Velocity Oxy-Fuel>> or
<<HVAF>>i.e. <<High Velocity Air Fuel>>, the detonation
gun spraying method called <<D-GUN>> method, and the
plasma spraying method, for example with a blown arc or
radiofrequency plasma, and, further from the flame-powder
spraying method and the arc-wire spraying method in the case
when the layer deposited during step c) is a microstructured
layer.

[0087] Advantageously, prior to step a), the substrate is
preheated and/or prior to step b) the first layer is preheated.
[0088] Advantageously the first, second and third materials
are selected independently of each other from ceramics, pref-
erably oxide ceramics, metals and cermets.

[0089] Advantageously the first and second materials, and
optionally the third material are a same ceramic, preferably an
oxide ceramic such as yttria stabilized zirconia, YSZ.

[0090] Advantageously, the substrate is made of a material
selected from metals and metal alloys.

[0091] These metal alloys may notably be selected from
steels, preferably from stainless steels.

[0092] Advantageously, the first and the second material,
and optionally the third material, are a same ceramic, prefer-
ably a same oxide ceramic, such as yttria stabilized zirconia
(YSZ), and the substrate is a substrate made of metal or made
of metal alloy, preferably a substrate made of steel, for
example a substrate made of stainless steel.

[0093] Themethod according to the invention has a specific
sequence of specific steps which has never been described or
suggested in the prior art, notably illustrated by the docu-
ments mentioned above.

[0094] The method according to the invention may be
defined as a method in which a first nanostructured or finely
structured layer is prepared by thermal spraying, generally by
thermal spraying via a liquid route, and this nanostructu red or
finely structured layer is used as an adhesion layer for a
microstructured layer also prepared by thermal spraying,
generally by a conventional thermal spraying, via a dry route.
A coating is finally obtained, globally prepared by thermal
spraying and having excellent adhesion on the substrate.
[0095] Surprisingly, excellent adhesion of the microstruc-
tured layer on the substrate not prepared beforchand is
obtained in this way by means of the method according to the
invention even though up to then, for obtaining such adhe-
sion, it was necessary to resort to mechanical anchoring of
this microstructured layer on the substrate.

[0096] Notably, it is generally no longer necessary with the
method according to the invention, to carry out preliminary
preparation of the surface of the substrate, such as with sand-
ing, in order to increase the surface roughness in order to
promote mechanical anchoring of a coating and in particular
of a thick coating.

[0097] More generally, it is not necessary with the method
according to the invention, to carry out a prior preparation or
activation of the surface of the substrate whichever it may be.
In other words, in the method according to the invention, there
is no modification of the surface condition of the part, sub-
strate to be coated, prior to the deposition of the first layer.
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[0098] The method according to the invention allows
preparation of coatings, and notably of thick coatings, having
excellent adhesion on substrates by thermal spraying, without
resorting to surface preparation or activation, other than a
simple cleaning of the surface of the substrate.

[0099] By achieving excellent adhesion of a microstruc-
tured layer and of a coating, in particular of a thick coating,
prepared by thermal spraying on a substrate, although, sur-
prisingly, a treatment for preparing or activating the substrate
is not carried out beforehand, the method according to the
invention goes against the prejudice according to which
preparation or activation of the surface of the substrate was
required in order to obtain adhesion of such microstructured
layers and of such coatings, in particular such thick coatings,
on a substrate.

[0100] The coatings prepared by the method according to
the invention, the adhesion of which is improved as compared
with the microstructured coatings prepared on substrates hav-
ing been subject to surface activation or preparation do not
further have any of the drawbacks in connection with these
treatments for preparing and activating the surface of the
substrate, notably in terms of financial costs and of mechani-
cal stresses.

[0101] To summarize, the method according to the inven-
tion for the first time allows preparation of a thick and adher-
ent coating on a surface of a substrate by a thermal spraying
method without preparing or activating in any way this sur-
face except by simple cleaning. The method according to the
invention therefore gets rid of all the adhesion problems
related to the nature and/or to the roughness of the surfaces to
be coated, it is of a very general application and ensures
excellent adhesion of the coating regardless of the nature of
the surface of the substrate, the condition of this surface
notably defined by the roughness, the shape, geometry, even
complex, of said surface, and the size of this surface.

[0102] The method according to the invention does not
have the drawbacks of the methods of the prior art and over-
comes the problems of the methods of the prior art. Indeed, it
does not have the drawbacks of the methods for preparing
coatings by means of conventional methods via a dry route in
the sense that it ensures excellent adhesion of the essentially
microstructured coatings on the substrate without any prior
activation or preparation.

[0103] As compared with preparation methods via liquid
route by spraying of a suspension, the method according to
the invention allows preparation of thick and coherent coat-
ings which was not possible with this type of method.
[0104] In other words, the method according to the inven-
tion inter alia consists of:

[0105] generating a coating, in particular a ceramic coat-
ing with a thickness adapted to industrial needs, which is
strongly adherent on a part, in particular a metal part;

[0106] generating a coating, in particular a ceramic coat-
ing without any prior surface preparation;

[0107] wusing a nanostructured or finely structured layer
which is strongly adherent as a sublayer of a deposit,
preferably a microstructured <<conventional>>deposit,
in order to thereby generate adhesion via a multilayer
system.

[0108] The method according to the invention inter alia
gives the possibility:

[0109] of controlling the thickness of the final coating
which may range from a few hundred nanometers to a
few millimeters, for example from 1 mm to 5 mm.
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[0110] of being able to produce coatings on parts with
complex shapes and diverse sizes.

[0111] The method according to the invention may be rap-
idly industrialized and with a lesser production cost than the
methods of the prior art.

[0112] It may be noted that nanostructured or finely struc-
tured layers prepared by thermal spraying, have never been
used as prior surface preparation and anchoring layers to a
microstructured <<conventional>> layer also prepared by
thermal spraying.

[0113] According to the invention, it has been shown that
these nanostructured layers which allow, via a multilayer
system, optimization of the adhesion of a more or less thick
coating on a surface having not been prepared beforehand and
therefore simplification of the spraying procedures.

[0114] The use of bilayer or even multilayer systems for
optimizing the adhesion, with prior surface preparation, has
no doubt already been the subject of various studies, notably
in acronautics and aerospace as indicated in document [28].

[0115] But this use is limited to systems using microstruc-
tured metal sublayers, for example of the NiCrAlY type.
Further, these microstructured layers are produced, with ini-
tial sanding, by spraying methods which are not spraying
methods via a liquid route requiring the spraying of suspen-
sions or solutions.

[0116] Indeed, the problems of adhesion of a ceramic on a
metal are not new problems and are for a large part due to
stresses caused by the differences in thermal expansion coef-
ficients between the substrate and the coating.

[0117] For this, the use of a multilayer system, with a metal
sublayer of the NiCrAlY type, allows a thermal expansion
coefficient gradient to be generated between the substrate and
the last functional layer of the coating, and thus the mechani-
cal stresses [32], [33] [34], [35], [36], [37] may thereby be
limited. Nevertheless, the adhesion is always of a mechanical
origin and the substrates always require a preparation in order
to have the high roughness required for adhesion of micro-
structured layers of large thickness [38], [39], [40], [41],[42].

[0118] Itis also possible to find various coating techniques
using nanostructured multilayer systems for promoting adhe-
sion [43], [44],[45]. But all these techniques, such as physical
vapor deposition (PVD), electron beam physical vapor depo-
sition (EB-PVD), chemical vapor deposition (CVD), and
plasma-enhanced chemical vapor deposition (PECVD), are
complex and require surface preparation, for example a pol-
ished surface, a high vacuum (about 10> mbars) [46] and are
only applicable for thin layers. It is therefore indispensable to
have a specific piece of equipment and a specific environ-
ment, which leads to limitation of the size and shape of the
parts to be coated and considerably increases production
costs.

[0119] It should be noted that heretofore, the superposition
of a nanostructured layer and of a microstructured layer, the
nanostructured layer playing the role of an anchoring layer
for a microstructured layer, has never been achieved in order
to improve the adhesion while preferably keeping the same
chemical composition of both layers.

[0120] The invention will be better understood upon read-
ing the detailed description which follows, especially made in
connection with preferred embodiments of the method of the
invention, this description being given as an illustration and
not as a limitation.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0121] The detailed description is made with reference to
the appended drawings, wherein:

[0122] FIG. 1 is a schematic view which shows a thermal
spraying device for carrying out the method according to the
invention;

[0123] FIG. 2 is a schematic cross-sectional view of a
bilayer coating, system, prepared by the method according to
the invention, on a substrate, subjectile;

[0124] FIG. 3 is a schematic vertical sectional view of a
trilayer coating, system, prepared by the method according to
the invention, on a substrate, subjectile;

[0125] FIG. 4 is an image obtained by scanning electron
microscopy which shows the microstructure obtained in the
example by the method according to the invention.

DETAILED DISCUSSION OF PARTICULAR
EMBODIMENTS

[0126] The method according to the invention may be
described as a method for preparing a multimodal, multilayer
system, coating, by thermal spraying onto a surface of a
substrate, also called a subjectile, to be coated. The thermal
spraying may be achieved under a normal, controlled, for
example inert or neutral, or low pressure atmosphere, i.e.
under a pressure of a few millibars.

[0127] By multimodal system is meant that the coating,
system, comprises at least two layers which are different by
their structure, their structural scale and their organization.
Thus the first layer is a nanostructured or finely structured
layer, while the second layer is a nnicrostructured layer.
[0128] By nanostructured or finely structured layer, is gen-
erally meant that this layer has an organization on a nanomet-
ric scale, i.e. on a scale ranging from one or a few nanometers
up to one hundred to a few hundred nanometers. Also, by
microstructured layer is meant that this layer has an organi-
zation on a micrometric scale, i.e. on a scale ranging from one
or a few micrometers up to one hundred to a few hundred
micrometers.

[0129] Each of the layers of the method according to the
invention may be deposited by means of a different thermal
spraying method and by means of a different thermal spraying
device, but it is advantageous to achieve deposition of all the
layers and notably of the first and second layers with the same
method and the same thermal spraying device.

[0130] This device should preferably be easily adapted so
asto either achieve spraying of micrometric powders of mate-
rials, such as ceramics, via the conventional route or dry
route, or projection of suspensions of micron-size powders of
materials such as ceramics, via the liquid route, or further the
projection of solutions of reagents which are able to form
after treatment with an enthalpy source, a nanostructured or
finely structured deposit.

[0131] The thermal spraying method applied by the device
may be of any nature and may notably be selected from the
thermal spraying methods already mentioned above, i.e.
flame-powder spraying, arc-wire spraying, supersonic or
hypersonic spraying designated as <<HVOF>> i.e. <<High
Velocity Oxy-Fuel>> or <<HVAF>>1.e. <<High Velocity Air
Fuel>>, and plasma spraying according to their adaptability
to the dry route and to the liquid route.

[0132] Amongthese methods, the man skilled in the art will
easily identify those which may be applied via a dry route and
those which may be applied via a liquid route.



US 2013/0101745 Al

[0133] The selection of the thermal spraying method
depends on the melting temperatures of the material to be
projected, sprayed, and of the material making up the subjec-
tile, the substrate to be coated. Advantageously, this device
may be placed on a robot arm in order to sweep over the
entirety of the surface of the substrate, of the part to be coated,
in order to thereby uniformize the multilayer coating.

[0134] The size, the shape and the geometry of the sub-
strate, of the part, of the subjectile to be coated by the method
according to the invention, may be of any kind. Indeed this is
one of the advantages of the method according to the inven-
tion, to allow the preparation of a coating which adheres on
any kinds of part regardless of their shape, size and geometry,
even complex. In fact, the only restriction which the applica-
tion of the invention may encounter, lies in the mechanical
positioning capabilities of the robot and is not due to the
characteristics of the method as such.

[0135] A device for applying, carrying out, the method
according to the invention is illustrated in FIG. 1; for the
purpose of simplification, the robot arm with which the
device is generally provided, has been omitted in FIG. 1.
[0136] This thermal spraying device first of all comprises a
device allowing injection and acceleration of the particles (1)
which also plays the role of an enthalpy source.

[0137] The device (1) varies according to the applied ther-
mal spraying method. In this respect, reference may be made
to documents [1], [2] or [17].

[0138] The thermal spraying device then comprises a sys-
tem (2) for supplying the coating materials which may be
found either in the form of dry powders in the case when the
conventional route or dry route is used, or in the form of
suspensions of these powders or in the form of solutions of
precursor reagents in the case when the liquid route is used.
[0139] InFIG.1,the path (3) of the molten, semi-molten, or
solid particles in flight which are being deposited on the
subjectile to be coated (4), is also illustrated.

[0140] The subjectile (4) may be made of a material
selected from metals and metal alloys such as for example
steel, nickel-based alloys, such as alloys available under the
name of Haynes®, inconels . . . .

[0141] Prior to the deposition of the first layer of a first
material on the surface of the substrate, subjectile, to be
coated, this surface is generally cleaned, for example
degreased with a solvent, this is a conventional industrial
process.

[0142] In accordance with the method according to the
invention, the surface of the substrate does not undergo any
activation or preparation treatment other than this optional
cleaning, for example degreasing treatment. This cleaning
treatment by no means affects the structure or the composi-
tion of the surface of the substrate, in other words the surface
condition of the substrate, and has the purpose of removing
impurities, pollutants and other foreign bodies at the surface
of the substrate which are distinct from the latter and do not
belong to it.

[0143] The surface of the substrate may possibly be
described as a <<smooth>> and <<clean>> surface.

[0144] This surface does not provide the possibility of
mechanical anchoring on the scale of a microstructured layer.
[0145] The substrate, subjectile, may optionally be pre-
heated, prior to the deposition by any adequate means, to a
temperature for example from 25 to 600° C.

[0146] The preheating temperature depends on the proper-
ties of the coating materials and of the substrates.
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[0147] This preheating step allows improved adhesion
between the subjectile (4) and the first layer of the coating.

[0148] Subsequently to this optional preheating step, the
surface of the substrate, subjectile, is coated with a first nano-
structured or finely structured layer of a first material by
means of a thermal spraying method via a liquid route.

[0149] The method via a liquid route which is applied for
depositing the first layer of the coating may use nanometric
particles (nanoparticles), or even submicron particles of the
first material, in suspension, which are then treated in a
known way, depending on the selected spraying method, and
form the first nanostructured or finely structured layer (21) at
the surface of the subjectile (20), as this is shown in FIG. 2.
[0150] Any spraying method capable of projecting, spray-
ing, suspended nanometric powders may be used for depos-
iting the first layer or adhesion layer.

[0151] The Prosol® method which is notably described in
patent application [17], to the description of which reference
may be made, is a method which may be suitable for depos-
iting the first nanostructured or finely structured layer.

[0152] The nanoparticles or nanometric particles generally
have a size from 1 to 500 nm, preferably from 1 to 100 nm,
still preferably from 1 to 50 nm.

[0153] The submicron particles generally have a size from
200 nm to 1 pm, preferably from 200 to 800 nm. Or else, the
method which is applied for depositing the first layer, uses a
solution of reagents which are precursors of the first material,
which is treated in a known way with an enthalpy source,
specific to the method, and may react and form a deposit (21)
also nanostructured at the surface of the subjectile (20) with
the same composition as the first material deposited by spray-
ing of a suspension.

[0154] The spraying parameters will be adapted to the first
material to be projected, sprayed.

[0155] The first material which constitutes the first layer
(21) of the coating prepared by the method according to the
invention is generally selected from ceramics, preferably
from metal oxide(s), such as zirconia, alumina, silica,
hafnium oxide (hafnia), titanium dioxide, etc.

[0156] In the case when a solution of reagents which are
precursors of the first material is used, the reagents are gen-
erally selected from metal salts and metal alkoxides.

[0157] During the preparation of the first layer (21) or bind-
ing layer, the spraying atmosphere or more specifically the
atmosphere in which the spraying is achieved, is not neces-
sarily an oxidizing atmosphere since the oxidation of the
particles in flight is unnecessary.

[0158] The first nanostructured or finely structured layer
(21) of the first material, is strongly adherent and is used as a
binding layer and anchoring layer to the upper layers and
firstly to the second layer consisting in a second material.
[0159] This first layer may thus be designated as <<nano-
structured binding layer>> (21).

[0160] This first layer has nanostructuration i.e. it is struc-
tured on a nanometric scale. Thus, if spherical particles are for
example projected, sprayed, for example having a diameter of
500 nm, these particles upon their impact on the subjectile
will be crushed, flattened so as to give lamellas with a thick-
ness from 20 to 30 nm. A layer will therefore be obtained,
consisting in a stack of these fine lamellas which overlap in
order to form a finely structured deposit with nanoporosity or
porosity on a nanometric scale.
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[0161] The thickness of this first layer (21) depends on the
material to be projected, sprayed. This thickness may gener-
ally range from one to a few pm up to less than 150 um (in
terms of deposited thickness).

[0162] In other words, the thickness of the first layer may
range up to 150 um, the value of 150 pm being excluded.
[0163] Indeed, it is preferable that the thickness of the first
layer (21) which is a nanostructured or finely structured layer,
be less than 150 pum, since for larger thicknesses the coher-
ence of this layer is not ensured.

[0164] Preferably, the deposited thickness of the first layer
(21) is from 1 pm to 100 pm.

[0165] Advantageously, this first layer (21) may have a
thickness greater than its rated, nominal, functional thickness
(i.e. its thickness in the final multilayer coating obtained at the
end of the deposition of all the layers), because an ablation
phenomenon may occur with the production of the second
layer.

[0166] Thus, if it is desired that the rated, nominal, func-
tional thickness of the first layer be from 1 to 100 um, the
thickness of the initially deposited layer before depositing the
second layer may be from 1 to 150 pm.

[0167] Subsequently to the deposition onto the surface of
the substrate of the first layer (21) of the first material, depo-
sition of a second microstructured layer (22) of a second
material is carried out by means of a thermal spraying method
on this first layer.

[0168] No preparation, activation of the first layer is
required before proceeding with the deposition of the second
layer.

[0169] The first layer (21) may optionally be preheated,

prior to the deposition of the second layer (22), to a tempera-
ture for example from 25 to 600° C. by any adequate means.
[0170] This preheating step allows improved adhesion
between the first layer and the second layer of the coating,
notably when these are two ceramic layers.

[0171] Any thermal spraying method allowing preparation
of'a microstructured layer may be used.

[0172] This second microstructured layer is generally
deposited by means of a <<conventional>> thermal spraying
method via a dry route.

[0173] The spraying method which is applied for deposit-
ing the second layer of the coating uses a dry powder of
micrometric particles of the second material, which are pro-
jected, sprayed onto the surface of the subjectile, and form in
a known way the second microstructured layer (22) at the
surface of the first nanostructured or finely structured layer
21).

[0174] The micrometric particles or micro particles gener-
ally have a size from 5 to 150 pm, preferably from 10 to 20
um, or else from 20 to 60 um depending on the type of method
used.

[0175] The second material which constitutes the second
microstructured layer (22) generally has the same composi-
tion as the first material, or the second material has a crystal-
lographic structure close to that of the first material, or the
second material has a thermal mechanical behavior close to
that of the first material. By thereby selecting the first material
of the nanometric or finely structured layer (21) and the
second material of the micrometric layer (22), a maximum of
cohesion between both layers is ensured.

[0176] Inother words, according to the invention, the same
material is preferably used for the binding layer (21) and for
the upper layer (22).
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[0177] The materials of these layers are therefore prefer-
ably identical.
[0178] This homogeneity in the composition of the differ-

ent layers is one of the additional advantages provided by the
method according to the invention in this preferred embodi-
ment.

[0179] Advantageously, because of the homogeneity of
composition of the layers, control of the cohesion of the
layers does not require control of the oxidation notably at the
surface of the binding layer (21).

[0180] In other words, no oxidation problem exists at the
interface between the layers when, advantageously, both lay-
ers are of identical composition.

[0181] When the material of the first layer advantageously
has the same composition as the material of the second layer,
no composition gradient exists in the coating.

[0182] The second material which constitutes the second
layer of the coating prepared by the method according to the
invention is, in the same way as the first material, generally
selected from ceramics, preferably from metal oxide(s), such
as zirconia, alumina, silica, hafnium oxide (hafnia), titanium
dioxide, etc., these particles may be dense or porous.

[0183] The spraying parameters of the thermal spraying
method applied for depositing the second layer will also be
adapted to the second material (22).

[0184] Thethickness of the second layer generally depends
on the function of this layer.

[0185] The thickness of the second layer may range from
10 um to 5 mm, preferably from 10 to 1,000 um.

[0186] Thus according to the invention, thick microstruc-
tured layers may be prepared on a substrate while obtaining
excellent adhesion on the latter and without carrying out any
activation or preparation treatment of the substrate, or of the
first layer.

[0187] Theadhesionbetween the first and the second layers
(21, 22) is accomplished chemically and is the result of the
thermokinetic state of the particles of the second layer (22)
which is related to the spraying parameters. This adhesion is
accomplished by penetration of the particles of the second
material into the layer (21) and therefore by mechanical
anchoring.

[0188] It should further be noted that no post-treatment, i.e.
no treatment after the deposition, is generally required
between the layers and on the final coating.

[0189] In other words, post-treatment is generally neither
carried out on the first layer at the end of'its deposition, nor on
the second layer at the end of its deposition.

[0190] Inorder to better control the structural and therefore
physico-chemical properties of the multilayer system, it is
possible to deposit an additional layer or third layer (23), as
this is shown in FIG. 3. This third layer may be called a layer
for adjusting the properties of the multilayer.

[0191] This layer may be nanostructured or finely struc-
tured or microstructured, the two lower layers being used as a
adhesion layer for this third layer.

[0192] The third material which makes up this layer (23)
may be identical in composition with the second material or
of a crystallographic structure close to that of the second
material, or with a thermomechanical behavior close to the
one of the second material, notably according to industrial
needs. By thereby selecting the second material of the micro-
metric layer (22) and the third material of the layer (23),
maximum cohesion between both layers (22) and (23) is
ensured.



US 2013/0101745 Al

[0193] In other words, advantageously, the third layer has
the same (chemical) composition as the second layer.

[0194] Expressed otherwise, advantageously, the second
layer and the third layer are made of a same material.

[0195] The advantages provided by the selection of a third
material having a composition identical with that of the sec-
ond material are similar to those obtained by selecting a
second material having a composition identical with that of
the first material and they have already been discussed above.
Notably, when the third material is identical with the second
material, there are no oxidation problems between the second
and the third layers.

[0196] Advantageously, the first material, the second mate-
rial and the third material all three are of identical composi-
tion, have the same (chemical) composition.

[0197] Expressed otherwise, advantageously, the three lay-
ers are made of a same material, for example made of a same
ceramic.

[0198] When the material of the three layers advanta-
geously has the same composition, no composition gradient
exists in the coating.

[0199] The third material which constitutes the third layer
(23) of the coating prepared by the method according to the
invention is, like the first material and the second material,
generally selected from ceramics, preferably from metal
oxide(s), such as zirconia, alumina, silica, hafhium oxide
(hatnia), titanium dioxide etc., these particles may be dense or
porous.

[0200] This third layer (23), when this is a microstructured
layer is generally deposited by a <<conventional>> thermal
spraying method via a dry route in a similar way to the second
layer (22).

[0201] This third layer (23), when this is a nanostructured
or finely structured layer, is generally deposited by a thermal
spraying method via a liquid route in a similar way to the first
layer (21).

[0202] The spraying parameters of the thermal spraying
method applied for depositing the second layer will also be
adapted to the third material (23).

[0203] The thickness of the third layer generally depends
on the function of this layer.

[0204] The thickness of the third layer may range from 10
um to 5 mm, preferably from 10 pm to 1 mm in the case of a
microstructured layer, and from 1 pm to 100 um, preferably
10 um to 60 um, in the case of a nanostructured or finely
structured layer.

[0205] The second layer (22) and the third layer (23) of the
coating generally have properties of different functions.
[0206] Thus, the second layer (22) may be defined as a
functional layer which will give an improved function to the
coated, part, substrate. For example, this second layer (22)
may be a thermal barrier or electric barrier layer.

[0207] The third layer (23) which, as this has been seen,
may be defined as a layer for adjusting the properties of the
multilayer coating, is the external layer which imparts to the
coating, essential properties towards the environment.
[0208] For example, the third layer may give properties of
tightness to exterior gases, anti-corrosion properties (for
example towards acids), anti-wear properties, heat-barrier
properties. In particular, if the third layer is a nanostructured
or finely structured layer, it will have less porosity and will
therefore be more tight notably towards gases.
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[0209] It should be again noted that no post-treatment is
generally required between the three layers and on the final
coating.

[0210] Inother words, a post-treatment is generally neither
carried out on the second layer, at the end of its deposition, nor
on the third layer, at the end of its deposition.

[0211] The method according to the invention allows
preparation of coatings which have variable thicknesses, but
it proves to be particularly advantageous for preparing thick
coatings, i.e. generally with a thickness greater than or equal
to 100 pm, preferably with a thickness greater than or equal to
150 pum, which, by means of the method according to the
invention, have excellent adhesion and excellent cohesion.
[0212] The final coating which is essentially a micrometric
microstructured coating, thus has a thickness generally from
100 pm to 10 mm, preferably from 150 pm to 10 mm, still
preferably from 150 um to 1 mm.

[0213] Such a coating notably finds its application in the
aeronautical, space, ship-building and nuclear industries.
[0214] It was shown above that the invention exploits the
use of a first nanostructured or finely structured layer made by
thermal spraying as an adhesion layer for coatings, preferably
thick coatings conventionally made by thermal spraying and
usually requiring mechanical adhesion. It is no longer neces-
sary to carry out any preliminary preparation in order to
increase the surface roughness for promoting mechanical
anchoring of a thick coating.

[0215] The method according to the invention is not limited
to the preparation of heat-barriers but may be suitable for
preparing any coating.

[0216] The invention will now be described with reference
to the following example, given as an illustration and not as a
limitation.

Example

[0217] This example illustrates the making of a bilayer
system on a AISI 304L substrate of 50x50 mm?, as machined
(R,70.5 pm):
[0218] Step 1: Cleaning the Sample

[0219] Acetone bath (30 minutes).

[0220] FEthanol bath activated with ultrasonic waves.
[0221] Step 2: Making the Layer C,(21)
[0222] A nanostructured coating of YSZ (yttria stabilized
zirconia) produced by plasma projection, spraying via a lig-
uid route:

[0223] Size of the suspended particles: 30-60 nm.
[0224] Loading rate of the suspension: 6% by mass.
[0225] Suspension flow rate: 70 g/min.

[0226] Type of plasma torch: Sulzer-Metco®, type F4.
[0227] Relative torch/substrate velocity: 1.5 m/s.
[0228] Projection, spraying distance: 40 mm.

[0229] Plasmaforming mixture and flow rate of the gases

used: Ar/He/H,, 45/45/3 NL/min

[0230] Power output of the torch: “28 kW.
[0231] Temperature for preheating the substrate: 250° C.
[0232] Projection, spraying time: 15 min.

[0233] Step 3: Making the Layer C,(22)

[0234] Microstructured coating of YSZ (yttria stabilized
zirconia) made by conventional plasma projection, spraying
(dry route):
[0235] Size of the particles: 22-45 pm.
[0236] Chemical composition of the powder: same as
layer C,(21).
[0237] Powder flow rate: 20 g/min.



US 2013/0101745 Al

[0238] Projection, spraying distance: 150 mm.
[0239] Plasmaforming mixture: Ar/He/H,.
[0240] Temperature for preheating the layer C,: 250° C.
[0241] Projection, spraying time: 10 min.
[0242] The thickness of the first layer C, (21) is of about 20

um, and the total thickness of the coating is from about 350 to
360 um, for example 354 pm or 363 um as shown in FIG. 4.
[0243] Observation of the Obtained Microstructure:
[0244] FIG. 4 is an image obtained by a scanning electron
microscope which shows the different deposited layers as
described above on the substrate.

[0245] It can be seen on the photograph of FIG. 4 that the
interface between the first layer C, (21) and the second layer
C, (22) is hardly visible, which shows that the coherence
between these two layers is excellent.
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1. A method for preparing a thick multilayer coating with a
thickness greater than or equal to 100 pm on a surface of a
substrate made of a material selected from the group consist-
ing of metals and metal alloys, by at least one thermal spray-
ing method, in which the following successive steps are car-
ried out:

(a) a first nanostructured or finely structured layer of a first
material is deposited on the surface of the substrate by a
thermal spraying method via a liquid route; the surface
of the substrate not having been subject, prior to the
deposition of the first nanostructured or finely structured
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layer, to any preparation or activation treatment other
than an optional cleaning treatment;

(b) a second microstructured layer of a second material is
deposited on the first nanostructured or finely structured
layer by a thermal spraying method via a dry route.

2. (canceled)

3. (canceled)

4. The method according to claim 1, wherein, during step a)
the thermal spraying method uses a suspension of nanometric
or submicron particles of the first material.

5. The method according to claim 1, wherein, during step
a), the thermal spraying method uses a solution of reagents
precursors of the first material.

6. The method according to claim 1, wherein the thickness
of'the first nanostructured or finely structured layer of the first
material deposited on the surface of the substrate is greater
than the thickness of said first layer in the final multilayer
coating obtained at the end of the method.

7.The method according to claim 1, wherein, during step b)
the thermal spraying method uses a dry powder of micromet-
ric particles of the second material.

8. The method according to claim 1, wherein the second
material has the same composition as the first material and/or
the second material has a crystallographic structure close to
that of the first material, and/or the second material has a
thermomechanical behavior close to that of the first material.

9. The method according to claim 1, wherein after step b),
a step c) is carried out during which a third microstructured or
nanostructured or finely structured layer of a third material is
deposited on the second microstructured layer of the second
material by a thermal spraying method.

10. The method according to claim 9, wherein the third
material has the same composition as the second material
and/or the third material has a crystallographic structure close
to that of the second material and/or the third material has a
thermomechanical behavior close to that of the second mate-
rial.

11. The method according to claim 1, wherein the thermal
spraying method via a liquid route used in step a) is selected
from the group consisting of supersonic or hypersonic spray-
ing methods (HVOF or HVAF), a detonation gun spraying
method (D-GUN), and a plasma spraying method.

12. The method according to claim 1, wherein the thermal
spraying method used in step b) is a thermal spraying method
via a dry route selected from the group consisting of super-
sonic or hypersonic spraying methods (HVOF or HVAF), a
detonation gun spraying method (D GUN), and a plasma
spraying method; and further from the flame powder spraying
method and the arc wire spraying method.

13. The method according to claim 9, wherein the thermal
spraying method used in step c) is either:

a thermal spraying method via a liquid route selected from
the group consisting of supersonic or hypersonic spray-
ing methods (HVOF or HVAF), and a plasma spraying
method, in the case when the deposited layer during step
¢) is a nanostructured or finely structured layer; or

(i1) a thermal spraying method via a dry route selected from
the group consisting of a supersonic or hypersonic
spraying methods (HVOF or HVAF), a detonation gun
spraying method (D-GUN), and a plasma spraying
methods; and further from the flame powder spraying
method and the arc wire spraying method, in the case
when the deposited layer during step ¢) is a microstruc-
tured layer.
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14. The method according to claim 1, wherein prior to step
a), the substrate is preheated and/or prior to step b), the first
layer is preheated.

15. The method according to claim 1, wherein the third
material is selected independently of the first and second
materials and is selected from the group consisting of ceram-
ics, metals and cermets.

16. (canceled)

17. The method of claim 1, wherein the thick multilayer
coating has a thickness greater than or equal to 150 pm.

18. The method of claim 11, wherein said supersonic or
hypersonic spraying method is a High Velocity Oxy-Fuel
method.

19. The method of claim 11, wherein said supersonic or
hypersonic spraying method is a High Velocity Air Fuel
method.

20. The method of claim 11, wherein said plasma spraying
method uses a blown arc or radiofrequency plasma.
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21. The method of claim 12, wherein said supersonic or
hypersonic spraying method is a High Velocity Oxy-Fuel
method.

22. The method of claim 12, wherein said supersonic or
hypersonic spraying method is a High Velocity Air Fuel
method.

23. The method of claim 12, wherein said plasma spraying
method uses a blown arc or radiofrequency plasma.

24. The method of claim 13, wherein said supersonic or
hypersonic spraying method is a High Velocity Oxy-Fuel
method.

25. The method of claim 13, wherein said supersonic or
hypersonic spraying method is a High Velocity Air Fuel
method.

26. The method of claim 13, wherein said plasma spraying
method uses a blown arc or radiofrequency plasma.

27. The method of claim 15, wherein the ceramics are
oxide ceramics.



