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Cermets coatings are extensively used in energy applications both because of their high wear resistance
as required, for example, in components like gas turbine sealants, and because of their specific func-
tionality as required in solar absorbers. So far, high-temperature thermal spraying and physical vapor
deposition have traditionally been used to deposit this kind of coatings. In this study, Ni-Al2O3 coatings
have been deposited using a Kinetic�3000 cold-spray system starting from Ni and Al2O3 powders blend;
five blends have been prepared setting the alumina content in the feedstock to 10, 25, 50, 75, and
90 wt.%. The embedded alumina ranges between a few percent weight up to 16 and 31 wt.%, while the
microhardness shows a deep increase from 175 Vickers in the case of pure Ni coatings up to 338 Vickers.
The spray and coating growth mechanism have been discussed, with special attention to the fragmen-
tation of the ceramic particles during the impact. Finally, the coating behavior at high temperature was
analyzed by oxidation tests performed in air at 520 �C emphasizing a good oxidation resistance that
could represent a very promising basis for application in power generation systems.

Keywords cermet coatings, cold spray, isothermal oxidation,
scanning electron microscopy (SEM)

1. Introduction

Cermets coatings are formed by ceramic particles
embedded in a metallic matrix. They are extensively used
in several industrial applications to combine the structural
integrity of metals with the higher operating temperature
and wear resistance of the ceramics. These coatings
exhibit better toughness and thermal sock resistance than
the pure ceramic coatings, although the maximum oper-
ating temperature and thermal stability is reduced. The
powder metallurgy is one of the most considered ways to
obtain cermet materials thanks to the great versatility of
processable materials and conditions. In this field, ther-
mal-spray techniques are traditionally devoted to produce
thin and thick protective cermet coatings and, for exam-
ple, several industrial case studies in mechanic and
mechatronic show that WC-Co and WC-Ni wear-resistant
coatings produced mainly by high-velocity oxy-fuel
(HVOF) represents today one of the most diffused and
successful example of potentiality of cermet materials
(Ref 1). Different powder feedstock materials could be
employed to deposit cermet coatings; first of all, the use of

powder blend is reported (Ref 2) and represents the eas-
iest and more versatile approach. However, specific cer-
met powder feedstock such as mechanically alloyed
powder (Ref 3) or core-shell coated powders (Ref 4) or
simply agglomerated sintered powders are often employed
to increase coating homogeneity and ceramic content in
the coating.

Cermets coatings are used in energy applications
mainly thanks to their high wear and oxidation resistance
and their customized functionality. Wear-resistant sealants
are used, for example, in gas turbines for power genera-
tion and propulsion (Ref 5-7). The gas turbine efficiency is
increased by reducing the clearances between rotating and
stationary components in the gas path, and the contact of
abradable and abrasive coatings plays a key role in the
control of the clearance. In addition, gas turbine sealants
operate at extreme conditions, which include high-tem-
perature and aggressive environment. At these conditions,
cermets coatings containing Al2O3 or Al2O3-TiO2 exhibit
better performance and durability than the pure ceramic
coatings also because the residual stresses developed at
the interface are lower with respect to pure ceramic
coatings (Ref 5-7). A further application of cermets is on
solar-selective absorber materials: the interest for renew-
able energies has increased over the last decades. driven
by rising fuel prices and more stringent regulations for
reduction of emissions (Ref 8). Solar thermal power gen-
eration constitutes to be one of the most important green
energies and is increasing the power capacity installed
throughout the world. Concentrating solar power systems
use solar absorbers to convert sunlight to thermal electric
power. Different technologies could be used, and the most
extended are parabolic troughs cylinders, where a para-
bolic mirror concentrates sunlight onto a cylindrical
receiver, or central receiver (or power tower), where a
field of heliostats focuses sunlight onto a receiver located
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A. Trentin, Veneto Nanotech scpa, Nanofab Laboratory, via
delle industrie, 5, 30157 Marghera, VE, Italy. Contact e-mail:
simone.vezzu@venetonanotech.it.

JTTEE5 22:772–782

DOI: 10.1007/s11666-013-9890-2

1059-9630/$19.00 � ASM International

772—Volume 22(5) June 2013 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d



at the top of a tower (Ref 9). The efficiency of the system
depends on the capability to absorb sunlight, and so the
surface of the collector should be modified to get good
solar properties in terms of high solar absorbance (a) and
low thermal emittance (e). From the structural point of
view, the coatings should be able to operate at high tem-
perature and surrounded by an oxidized environment
(Ref 9-11). Different possibilities have been analyzed to
obtain a selective surface, and most of them combine
ceramic phases, to provided high a, with metallic binders
which provide low e (Ref 12). For these reasons, cermets
coatings, usually formed by ceramic oxides like Al2O3,
Cr2O3, or SiO2 bound together with Ni or Mo, have been
deposited onto the receiver (Ref 10-16). The system con-
stituted of Ni matrix and Al2O3 filler has been selected
also in this study to combine good solar performances with
oxidation resistance. Among the metals, Ni has been
selected as cermet matrix thanks to the excellent charac-
teristics of cold spray (CS) coatings (Ref 17).

Cermets coatings are also used as the support of solid
oxy-fuel cells, which have the potential to operate at
higher electrical efficiency and with lower emissions in
respect of traditional power generation techniques. These
devices are electrochemical in nature, meaning that they
convert fuel directly into electricity (Ref 18-20). They
required high-wear resistance (Ref 5-7, 21-23) and have
been usually processed by thermal-spray techniques, like
plasma spraying or HVOF. However, the high tempera-
tures involved in these processes could deteriorate the
substrate properties and promote partial oxidation of the
metallic powders, if a protective environment is not used.
In addition, cermets coatings for solar absorbers have
been traditionally deposited by physical vapor deposition.
However, this process route is not feasible for power
tower plants, and generally selective paints are used in
these systems, although their performance is problematic
from the structural and functional points of view (Ref 10,
12-16).

Cold gas dynamic spray, or simply CS, is receiving more
and more attention in the recent years because of the low
spraying temperature and exclusive opportunities in the
deposition of metal-based materials, in particular oxygen-
sensitive materials such as aluminum, titanium, and mag-
nesium alloys. (Ref 17) CS belongs to thermal-spray
techniques, however, rather than traditional flame, arc, or
plasma spray; it is strictly a solid-state powder deposition
process because no melting or partial melting of spraying
particle is involved. In CS deposition, a carrier gas (air,
nitrogen, helium, or their mixtures) is split in a first larger
part of carrier flow that is heated up to 1000 �C, and a
second smaller part of carrier gas that is kept cold; it
carries through the powder feeder and it drags a con-
trolled powder flow to the nozzle. Here, the two carrier
gas flows are combined and accelerated passing through a
de Laval nozzle. Particle velocities are reported up to
1000 m/s, while fluidodynamic models predict that powder
temperature range from room temperature up to a few
hundreds of degrees depending on selected gas tempera-
ture. CS does not require a protective environment to
produce coatings with reduced oxides content, and has low

residual stresses (Ref 24), and high efficiency. This
spraying technology is a high rate material deposition
process in which micrometric, unmelted, powder particles
are shot to the substrate at supersonic velocities. Owing to
the high velocity impact, they plastically deform and bond
together building up the coating (Ref 25-27). CS has been
traditionally focused on metallic coatings; however,
increasing efforts are being made to deposit other mate-
rials like cermet coatings (Ref 28-30). In this field, it is
reported that the addition of a low amount of ceramic
particle in a pure metal feedstock leads to a slight increase
in the deposition efficiency (Ref 31), but on the other side,
the deposition efficiency is highly reduced for deposition
of cermets with a high amount of ceramic and finally,
when cold spray is performed with pure ceramic materials,
even if shear instabilities are observed and reported the
deposition efficiency is very low and strictly depend on the
substrate materials and on the capability to induce plastic
deformation on the substrate top layer as extensively
reported by Kielmann et al. (Ref 30) in the case of tita-
nium dioxide coatings. This scenario highlights the chal-
lenge to extend CS technology for depositing cermets with
a high ceramic content, and in this sense, many research
efforts are focused on achieving this objective. The aim of
this article is to evaluate the viability to process Ni-Al2O3

coatings by CS deposition for power generation applica-
tion. The effect of ceramic content on the coating�s
microstructure and high-temperature performance will be
analyzed.

2. Experimental Methods

2.1 Feedstock Powders

The use of powder blends has been selected in this
preliminary study to maximize the flexibility and versa-
tility of powder feedstock preparation in terms of mate-
rials and percentages. The plan of experiment consider the
effect of a wide range of ceramic/metal ratio, as reported
in this article, as well as the use of different ceramic fillers
and metal matrices, actually in progress, to have a com-
plete panorama about the more promising materials from
both the points of view of solar performances and wear
and oxidation resistances. In a second part of the study,
once the cermet average composition will be identified,
customized feedstock will be expressly prepared by pow-
der agglomeration or powder coating to further optimize
the material characteristics. Ni and Al2O3 (both provided
by H.C. Starck Amperit�; Germany) powders, with par-
ticle size of �30 + 10 and �27 + 17 lm, respectively, have
been employed in this study. The micrographies of feed-
stock powders are shown in Fig. 1; the morphology is
regular, with sharpened faces for alumina, while Ni par-
ticles exhibit spherical shapes. Five mixtures with five
different alumina amount were prepared and sprayed,
scanning the ceramic content in a wide range: 10-25-50-75-
90 wt.%. The powders were mechanically blended for
each mixture using a Turbula mixer for 70 min to prepare
the feedstock for spray deposition. Two mixtures between
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Ni powders and 5 and 10 wt.% of spherical agglomerated
aluminum oxide particles, Metco 6100, has been prepared
by the same procedure and tested to increase the disper-
sion of finer ceramic particles in the metal matrix.

2.2 Substrates

Ni-Al2O3 cermets coatings were deposited on grade 22
steel substrates typically employed in the fabrication of
pipes and boilers for high-pressure and temperatures
applications. The samples� size was 30 9 50 9 5 mm3; the
surface prepared by grit-blasting with corundum of size 20
mesh and then cleaned in acetone bath for 10 min.

2.3 CS Deposition

The deposition was carried out by means of a Cold-
Spray CGT-Kinetiks� 3000 (CGT Cold Gas Technology,
Sultzer Metco AG, Switzerland) equipped with a metallic
Type 24 nozzle. A stainless steel 10-cm-long pre-chamber
was also used to further enhance the particle temperature
through contact with the hot gas; however, no quantitative
results are available to quantify the particle temperature
increase. The optimization and design of this pre-heated
chamber has been made by Veneto Nanotech. The
parameters for the cold-spray process are shown in Table 1
while Fig. 2 shows a schema of CS deposition. Nitrogen has

been used as carrier gas with a whole gas flow at 75 m3/h.
The rate carrier gas, or rather the part of the gas flow
devoted to carry through the powder feeder and drag the
powders to the nozzle has been varied in the range of
2.5-3.5 m3/h according to the data reported in Table 1 and
with regard to the different requirements for each mix-
ture. Usually, mixtures containing higher ceramic content
exhibit lower flowability and hence require higher carrier
gas flow. The gun traverse speed was also tuned to obtain a
whole coating thickness in the range of 150-200 lm for all
mixtures with a single gun pass. The starting point to
optimize the process set up is the deposition protocol
employed to deposit pure Ni coating, as Ni constitute the
cermet matrix. In particular, regarding the temperature,
500 �C has been selected as main gas temperature to bal-
ance the different effects observed as a function of the
spray of different blends: from one side in the case of high
alumina content in the blend (75 and 90 wt.%), the high
gas temperature is critical leading to quite severe wear of
the internal walls of the nozzle, due to the scratch of
shaped alumina particles. A related loss of performance
could be observed, in particular because of the metal
particle adhesion at the nozzle walls and the related
occurrence of clogging events during spray. From the other
side, in the case of very low alumina content (0-10-
25 wt.%), the high gas temperature is also critical leading

Fig. 1 Feedstock powders, SEM viewing of (a) and (b) Ni; and (c) and (d) Al2O3 particles
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to the metal particle oxidation during spray. Granted that
the oxidation of metal particles occurs in the same way in
all blends; it must be considered that in the low blended
feedstock there is a minor effect of hard ceramic particle
impingement in growing coating and as a consequence
lower plastic deformation, lower erosion, and lower rup-
ture of thermally oxidized surface shells of metal particles.
In this sense, 500 �C is high enough to allow plastic
deformation and to obtain compact microstructure, suffi-
cient adhesion, and cohesion for the required application;
it is low enough to avoid thermal oxidation of both sub-
strate and growing coating.

2.4 Characterization

Metallographic samples were prepared by cutting the
deposited coatings along the longitudinal cross section,
parallel to the spraying direction; subsequently, they were
grinded using SiC grit paper, and finally polished up to
1 lm surface finish. The microstructures of these samples
were observed in a LEICA DMR optical microscope, and
it was also analyzed by electron microscopy. A Hitachi
S-3400 scanning electron microscope (SEM), equipped
with energy dispersive x-ray microanalysis, was used.
Secondary and backscattered electron images (BEI) were
obtained. Image analysis was used to determine alumina
content and porosity, by computer analysis equipped with
SPIP v4.6.0 software.

Microhardness tests were made in a Buehler Micromet
2101. A Vickers tip, with 500 gf of test load, was employed
for these tests. Measurements were done conforming to
the norm, DIN 50133. Each sample was tested considering
20 measurements, and the final result is the average of all
valid measurements.

X-ray diffraction (XRD) analyses were performed
using a Philips PW3040/00 X�Pert MPD/MRD diffrac-
tometer using Cu-Ka. Patterns were obtained from the top
surface of the as-sprayed coatings to characterize the main
phases present at the coating surface.

2.5 Oxidation at High Temperature

Several samples with 75 wt.% Al2O3 content in the
feedstock powders were oxidized in air at 520 �C for 24,
48, 72, 168, and 336 h, in a furnace (Thermconcept Lac
Km 20/08/A). The oxidized samples were analyzed by
SEM and XRD as it has been described previously.

3. Results and Discussion

3.1 Microstructure

As-deposited coatings obtained by means of the dif-
ferent mixtures with different alumina contents were
characterized by light optical microscopy to observe their
microstructure, substrate-coating interface, and ceramic
particles distribution. Figure 3 shows the cross-sectional
views for all sprayed conditions, including the Ni pure
coating.

All coatings are constituted of ceramic alumina particles
embedded in a pure Ni matrix, as could be observed in
Fig. 3 micrographs from pure Ni (Fig. 3a) to the maximum
ceramic content investigated, 90 wt.% in the initial feed-
stock (Fig. 3e). There is a quite homogeneous distribution
of ceramic particles in the matrix, and no macroscopic
evidences of oxidation in the metal part of the coatings
(qualitatively evaluated by microscopic observation and
SEM-EDS analysis) were found. Concerning the CS
deposition, a ductile metal and a brittle ceramic behave
oppositely in CS deposition, and the growth of a composite
cermet coating combines different mechanisms. The first
concept is that only metal particles are plastically
deformed during impact and so they can positively concur
to the coating growth. As widely reported in literature,
pure ceramic coatings cannot be deposited by CS (Ref 25),
and for this reason, ceramic particles could be roughly
considered as a passive filler, occasionally entrapped by
incoming metal particles and then embedded in the cermet
during the coating growth. However, ceramic particles
have some important roles in modifying the coating growth
and, as a consequence, the coating properties. In this sense,
three important effects could be emphasized during spray
of metal-ceramic blend. Figure 4 shows schematically the
observed mechanisms of both metal and ceramic particles
impacting on a growing cermet coating exhibiting on its
surface, metal and ceramic composition. Figure 4(a) and
(b) shows the mechanisms responsible of the coating
growth: First, the growth arising from the impact of a metal
particle on a metal substrate thanks to the plastic defor-
mation, depending on particle velocity and temperature, as
it has been widely reported in literature (Ref 32). Second,
the effect of embedding ceramic particles when they
impact on a metal substrate. The plastic deformation of the
substrate and the consequent ceramic entrapment. Third,

Table 1 Coldspray deposition parameters

Nozzle Type 24 (custom pre-heated chamber)
Alumina type Shaped, �27 + 17 lm Spherical agglom-

erated
wt.% of Al2O3 in the feedstock 0 10 25 50 75 90 10 50
Gas pressure, bar 26.0 26.5 26.3 27.0 27.0 26.5 27.0 27.0
Gas quantity, m3/h 75.0 75.0
Process temperature, �C 500 500
Rate carrier gas, m3/h 2.1 2.5 3.1 3.2 3.5 3.5 2.1
Traverse speed, mm/s 200 150 110 90 70 10 50 30
Pass height, mm 1 1
Standoff distance, mm 20 20
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as shown in Fig. 4(c), the peening effect produced by the
impact of a ceramic particle on a metal particle in the
growing coating and rebounded by the substrate: this acts
as a traditional shot peening process inducing a more
severe plastic deformation in the metal particle, an
increase of the compressive residual stress, and in some
cases, a grain refining. This effect is a function of ceramic/
metal-impinging rate, and it is independent on the suc-
cessive embedding or rebound of the ceramic particle.
Owing to the impact geometry, it is intuitive that shaped
ceramic particles are more effective in this effect with
respect to spherical or agglomerated particles. Very similar
considerations could be stated also in the case of Fig. 4(d)
when the incoming metal particles impact to embedded
ceramic in the growing coating. In that case, the increase in
plastic deformation of the incoming metal particle is due to
the higher stiffness and hardness of the ceramic that in this
moment is acting as a local substrate. Both these effects
could be related to the number of ceramic/metal and
metal/ceramic impacts which happens in the coating
growth, or more simply to the ceramic content in the blend
and in the coating. The higher is the ceramic content in the
blend (and as a consequence in the coating), the higher is
the ceramic/metal particles ratio in the spraying flow and
the higher is the number of both impacts: ceramic particles
to the growing metal particles, Fig. 4(c); and metal parti-
cles to the embedded ceramic particles, Fig. 4(d). Hence, it
is expected that the increase in ceramic content in the
blend leads to an increase in ceramic content in the coating
as well as the increase in compressive residual stress,
coating hardness, and brittleness. There is a third effect
operating for ceramic content higher than 50 wt.% in the
case of cermets mixture investigated in this study—it is the
fragmentation of ceramic particles due to the impact of one
or more incoming ceramic particles onto an embedded
ceramic particle as shown schematically in Fig. 4(e). This is
due to the brittleness of aluminum oxide combined with
the high velocity of impact. The fragmentation happens

when an incoming ceramic particle impact on a deposited
ceramic particle. The already deposited ceramic particle is
fractured by the impact and the particle debris is finely
embedded and spread in the matrix while the incoming
ceramic particle is inefficient in the deposition and is
rebounded.

Micrographies (e) and (f) in Fig. 3 show the reduction of
the mean particle size of aluminum oxide as well as the
continuous change in morphology moving from isolated
embedded particles in a 3D homogeneous array as
reported in (a) through (e) to more aligned particles’ dis-
tribution as in a pseudo-lamellar morphology as reported
in (f). This morphology appears similar to the splats ob-
tained by thermal spray, but there is no melting of the
particles or splats in the growing mechanism in CS, and so
the morphology is only arising from the geometrical align-
ment of particles during spray and from the particles rear-
rangement after the impacts and fragmentations events.
Each alumina particle is always surrounded by metal, and
no agglomeration of ceramic particles is observed.

A final remark concerns the variation of coating
thickness as a function of the increase of the alumina
content in the powder mixture due to the different blend-
flowing abilities and deposition efficiencies between metal
and ceramic powders. As reported in literature (Ref 31,
33, 34), some wt.% of ceramic powders in the feedstock
slightly increase the deposition efficiency while higher
content lead to a progressively reduction in the whole
deposition efficiency. For these reasons, small variations in
cold-spray setup parameters, and in particular, an adjust-
ment in the powder feed rate through a combined varia-
tion in rate carrier gas and feeder rotation, as reported in
Table 1, are operated to adjust the coating growth kinetic
and to obtain a final coating thickness of around 100-
200 lm. The overall coating porosity is very low, as can be
seen in the cross-sectional micrographs reported in Fig. 5.
CS technique generally produces coatings characterized
by a very low porosity, owing to the high plastic defor-
mation and cold work that is exerted on the particles of
metal phase. The continuous high-velocity impingement
of particle has the effect to fill the voids and micropores
which would be among the deposited particles. Hard,
shaped ceramic particles contribute to this effect.
Although they do not deform plastically induce further
deformation on metal particles, decreasing the overall
porosity. The quantitative evaluation of porosity is diffi-
cult for cermet coatings by using image analysis proce-
dure, because of the presence of both pores and ceramic
fillers, and in particular for coatings exhibiting high cera-
mic content. However, the porosity could be evaluated in
the case of pure Ni and cermet with low ceramic content,
and it is rated less than 3%. In this sense, ceramic frag-
mentation seems to have negligible effect on the overall
porosity even if different porosity evaluation techniques
must be employed to have quantitative results.

3.2 Alumina Content

The ceramic content increment is not linear with the
feedstock content (Fig. 6), owing to the different deposition

Fig. 2 Schematic diagram of CS process
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efficiency of both materials constituting the mixture. As
discussed previously, Ni particles are ductile and promote
the coating formation by deforming plastically and bonding
to the substrate interface. On the other side, ceramic par-
ticles are unable to provide plastic deformation and could
only be embedded into Ni metal phase.

The behavior of Al2O3 content embedded in the coat-
ings as a function of Al2O3 content in the initial feedstock
is reported in Fig. 6. The ceramic content has been eval-
uated by image analysis data obtained using software SPIP
v4.6.0. Surface covering was evaluated and converted first
to volume and then to weight percentage. The dashed line
shows the ideal ceramic content in the coating if the initial
composition of the feedstock would be respected. A dual
trend could be emphasized with a critical point of around
50 wt.% ceramic content in the initial feedstock. The
effectiveness of embedding ceramic, embedding efficiency
defined as the ratio between the percentage of ceramic

particle contained in the feedstock and the percentage of
ceramic particle in the deposited coating, is very low for
feedstock with lower ceramic content reaching a maxi-
mum value of about 8 wt.% at 50 wt.% initial feedstock
(16% of embedding efficiency); while for ceramic-richer
feedstock, the effectiveness of embedding increase reaches
ceramic contents of 16 and 31 wt.% (21 and 34% embed-
ding efficiencies, respectively). An hypothesis for this
increase is the fragmentation of ceramic particles during
impact which could promote the effectiveness of the
embedding mechanism; however, further experimental
evidences are required to confirm this hypothesis.

3.3 Use of Spherical Alumina

The alumina fragmentation during CS is a key feature
for the design and realization of micro and nanostruc-
tured cermets coatings starting from powder blends of

Fig. 3 Cross-sectional views of the coatings with different contents of Al2O3 in the feedstock powders: (a) pure Ni; (b) 10% Al2O3;
(c) 25% Al2O3; (d) 50% Al2O3; (e) 75% Al2O3; and (f) 90% Al2O3
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traditional commercial powders. Ni-Al2O3 deposited
coatings exhibit a reduction of ceramic particles mean size,
up to few micron, with noticeable sub-micrometric frac-
tion and they also exhibit a more homogeneous ceramic
particles distribution in the coating matrix. Furthermore, it
is well known that a finer distribution of smaller particles
is more desirable with respect to few big particles in the
design of a cermet. For example, smaller ceramic particles
avoid erosion and third body abrasion in friction appli-
cations, they reduce the stress amount at the edge of
shaped ceramic particles and reduce crack generation and
propagation under different mechanical loads; they sup-
port the grain refining in metal matrix and act as a barrier
in crack propagation. It is also expected that they could be
more effective in increasing solar absorption and reducing
the emission performances. (Ref 35)

However, ceramic particles fragmentation occurs only
using ceramic-rich blends with alumina up to 50 wt.%

representing a limitation in the coating design and
avoiding the possibility to have finer ceramic particles at
percentage lower than 20 wt.%. For this reason, the use of
spherical agglomerated aluminum oxide particles, shown
in Fig. 7, has also been tested to achieve finer ceramic
particle mean size and more homogeneous dispersion in
the metal matrix. In fact, agglomerated particles are
composed of nano-constituents weakly bonded between
each other, and as a consequence, a larger fragmentation
effect is expected during spray leading to a finer dispersion
of ceramic into the coatings. However, owing to the high
particle velocity, the fragmentation events are too violent
with the occurrence of ceramic particle explosion at the
instant of the impact to the substrate. A nanoparticles
cloud forms near the spray zone because of the particle
explosion and rebound. Two different mixes have been
tested containing, respectively 10 and 50 wt.% of alumina
in blend with Ni. The CS parameters are reported in

Fig. 4 Schematic representation of different impacting effects during the deposition of cermet coating by coldspray starting from a
powder blend. (a) Coating growth by impact of metal particle on metal substrate. (b) Coating growth by embedding of ceramic particle
on metal substrate. (c) Cold work induced by peening of ceramic particles on deposited metal particles. (d) Cold work (and coating
growth) induced by deposition of metal particles on embedded ceramic particles. (e) Ceramic particle fragmentation due to high velocity
impact of ceramic particle on an embedded ceramic particle

Fig. 5 BEI corresponding to Ni-50% Al2O3 cermets showing overall porosity. (a) Panoramic view. (b) Higher magnification image
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Table 1 and in particular the gas temperature and the
carrier gas flow have been set to 500 �C and 75 m3/h,
respectively, according to the conditions employed for
spraying the blends with shaped alumina. The microgra-
phies of cross-sectioned CS coatings are shown in Fig. 7(c)
and (d), respectively in the case of 10 and 50 wt.% alu-
mina blends. The growth behavior is noticeable different
by changing the alumina content in the feedstock: in the
case of 10 wt.% alumina, a slight increase in porosity is
observed even if the coating microstructure is very close to
the coating microstructure obtained by using shaped alu-

mina. The embedded alumina is preferentially un-frag-
mented, micrometric sized and quite homogeneously
dispersed in the Ni matrix. On the other side, no notice-
able growth is reported in the case of spraying the 50 wt.%
alumina feedstock and the maximum coating thickness is
typically lower than 100 lm; the alumina spread along the
coating surface hindering the plastic deformation of metal
particles and hence the coating growth. The criticity seems
to be the weakness of the bond between the nanoparticles
constituting the agglomerates and the related particle
fragmentation and explosion. While particle fragmenta-
tion of shaped ceramic alumina occurs on the already
embedded ceramic particles leading to a mean size
reduction of the embedded ceramic as previously dis-
cussed, the fragmentation of spherical agglomerated par-
ticles occurs at the instant of impact leading to the
formation of a nanoparticle cloud with no efficient
embedding.

3.4 Microhardness

Microhardness tests were performed into Ni matrix to
evaluate the influence of Al2O3 particles on the metal
hardness. The results are presented in Fig. 8 which shows
an increment of hardness as the ceramic content is
increased. 175 ± 5 HV0.5 was measured for the pure Ni
CS coating while 338 ± 17 HV0.5 was the hardness for the
coating with 90% Al2O3 in the feedstock powder. The
hardness measured for the CS pure Ni is higher than the
typical values of bulk materials (around 70-80 HV)
because of the high deformation induced during CS, which
is responsible of a noticeable work hardening of the

Fig. 6 Aluminum oxide content in the coating with respect to
content in the initial powder blend

Fig. 7 (a, b) SEM views of the considered feedstock powders. Cross-sectional micrography of a cold-sprayed coating obtained starting
from: (c) 10:90 wt.% alumina:nickel blend. (d) 50:50 wt.% alumina:nickel blend
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metallic phase. The ceramic particles increased the hard-
ness of the coating by several reasons. On one hand,
higher hardness has been traditionally observed in metal
matrix composites, compared with the unreinforced
counterparts, because of microstructural changes induced
by the reinforcements (Ref 36-38). On the other hand, it
could be expected that a higher number of ceramic par-
ticles will induce more work hardening on the metal phase

because of an increment on the number of collisions as it
has been discussed previously.

3.5 Oxidation at 520 �C

During oxidation at 520 �C, a thin oxide layer was
formed at the coating surface, even for the shortest
exposure time, as it could be observed in Fig. 9. The
morphology of this layer was not modified with the
exposure time, but the thickness increased from around
1 lm after 24-h (Fig. 9(a) exposure up to around 4 lm
after 336-h exposure at 520 �C (Fig. 9c, d). The oxides
formed during oxidation were located at the coating sur-
face, even for the longest exposure times (Fig. 9d), and no
oxidation was observed through the coating thickness
close to the substrate. Only some oxides penetrated
through the porosity associated to the ceramic particles
located close to the top surface of the cermet (Fig. 9c).
However, oxidation did not penetrate through the coating
because there is no interconnected porosity and, conse-
quently, the penetration of the aggressive species is more
complicated in these coatings. This behavior constitutes a
clear advantage in comparison with other high-tempera-
ture thermal-spraying techniques, which usually exhibit
interconnected porosity with detrimental effects for high-
temperature performance.

XRD analysis identified the oxides formed during
exposition at 520 �C as NiO. Figure 10 shows XRD traces

Fig. 8 Evolution of microhardness vs. ceramic content

Fig. 9 BEI corresponding to the Ni-75% Al2O3 coatings after oxidation in air at 520 �C for exposures of 24 (a), 168 (b), and 336 (c and
d) h
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corresponding to the oxidized samples as well as to the
as-sprayed coating. As should be expected, c-Ni (Fm3m
space group, a = 0.352 nm) was the dominant phase before
oxidation. After exposure at high-temperature, peaks cor-
responding to NiO (Fm3m space group, a = 0.417 nm) were
detected. The intensity of these peaks was increased with the
increasing exposure time, indicating an increment of oxide
content in agreement with the images observed by SEM.

4. Conclusions

According to the experimental results obtained in this
study, the following conclusions can be drawn:

(a) Composite Ni-Al2O3 cermet coatings could be
deposited in a wide range of composition by CS
technology which microstructure consisting of Al2O3

particles bound together by a Ni matrix.

(b) Increasing ceramic content in feedstock powder leads
to a higher ceramic content in final coating, but
without agglomerate forming; however, a homoge-
neous particle distribution is observed even for the
highest ceramic content conditions.

(c) Ceramic particle fragmentation and mean size reduc-
tion in coating microstructure are observed for spray-
ing blend with ceramic content higher than 50 wt.%.

(d) Porosity is negligible for these cold-sprayed coatings,
being lower than 3%. This porosity is mainly located
at broken ceramic particles, forming voids caused for
the high stresses because of the impingement of sub-
sequent particles. However, no interconnected
porosity was detected.

(e) The use of spherical agglomerated alumina particles
has been explored and compared with the shaped one.

A slight increase in coating porosity and a reduction in
deposition efficiency are reported when using 10 wt.%
blend, while negligible coating growth is reported
when using 50 wt.% alumina feedstock.

(f) CS of pure Ni exhibited a hardness higher than that
typically observed in bulk materials, due to the work
hardening induced during CS. The ceramic particles
increased the hardness of the coating from 175 ±
5 HV0.5 for the pure Ni up to 338 ± 17 HV0.5 for the
coating with 90% Al2O3 in the feedstock. The number
of collisions is increased, as the number of particles is
higher, promoting a greater work hardening.

(g) Preliminary oxidation tests show these coatings as
possible candidates for high-temperature applications.
The performance at high temperature is enhanced by
the absence of interconnected porosity.
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24. S. Rech, A. Trentin, S. Vezzù, J.-G. Legoux, E. Irissou, and M.
Guagliano, Influence of Pre-Heated Al 6061 Substrate Tempera-
ture on the Residual Stresses of Multipass Al Coatings Deposited
by Cold Spray, J. Therm. Spray Technol., 2011, 20(1-2), p 243-251

25. A. Payrin, V. Kosarev, S. Klinkov, A. Alkimov, and V. Fomin,
Cold Spray Technology, Elsevier, Amsterdam, 2007
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