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Nanostructured WC-Co coating was deposited by cold spraying using a nanostructured WC-12Co
powder. The critical velocity for the particle to deposit was measured. The coating microstructure was
characterized by X-ray diffraction analysis, scanning electron microscopy, and transmission electron
microscopy. The coating hardness was tested using a Vickers hardness tester. The deposition behavior of
single WC-Co particle was examined. WC particle size was measured for comparison of deposit prop-
erties to that of sintered bulk. The result shows that the nanostructured WC-Co coating can be suc-
cessfully deposited by cold spraying using nanostructured powders. The coating exhibited a dense
microstructure with full retention of the original nanostructure in the powder to the coating. The test of
microhardness of the coating yielded a value of over 1820 Hv0.3, which is comparable to that of sintered
nanostructured WC-Co. The deposition behavior of WC-Co powders as superhard cermet materials in
cold spraying and powder structure effects is discussed.
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1. Introduction

WC-Co cermets are most important wear-resistant
coating materials employed for thermal spraying. It is
essential to reserve the designed phases of powders to the
deposit to optimize wear resistance of deposit based on the
theory of hardmetals. However, the requirement of heat-
ing of powder to certain degree during thermal spraying
results in dissolution of carbide by the melted binder phase
and thermal dissociation of WC, and also burning of car-
bon by oxidation (Ref 1, 2). These thermal effects lead to
decarburization, which not only reduces wear-resistant
hard phase, but also leads to the formation of brittle binder
phase (Ref 3). Therefore, preventing carbide from decar-
burization is the essential concerns, during deposition of
WC-based coatings. Numerous investigations were dedi-
cated to study the phenomena associated with the decar-

burization of carbide during plasma spraying (Ref 4-8) and
high velocity oxy-fuel spraying (Ref 1, 9-13) in last several
decades as has been reviewed by Lovelock (Ref 2). The
previous study (Ref 1) revealed that powder structure and
heating degree during spraying process are basically
two primary factors that influence decarburization and
consequently microstructure of WC deposit. Owing to high
velocity and low temperature of flame, using high velocity
oxy-fuel process (HVOF) a stream of WC-Co particles
with high velocity and limited heating are easily achieved
than plasma spraying. Consequently, denser WC-Co
coating with superior wear resistance can be deposited by
HVOF, which has been very popular to deposit WC-Co
coatings in last two decades. Although decarburization of
WC and dissolution of WC into molten Co matrix take
place, the use of proper powder and optimization of spray
conditions can limit the above-mentioned deteriorative
effects (Ref 1) and result in a WC-Co coating with an
improved wear-resistance (Ref 14).

On the other hand, it is known that hardness of WC-Co
cermet increases with the decrease of carbide particle size.
WC-Co cermet manufactured from nanosized WC parti-
cles exhibits a high hardness (Ref 15, 16). Accordingly, a
better wear resistance can be expected for nanostructured
WC-Co coating, because the abrasive wear resistance of
materials is generally increased with the increase of their
hardness. Therefore, many attempts have been made to
deposit nanostructured wear-resistant WC-Co coatings
especially by HVOF (Ref 17-30). However, the decarbu-
rization and dissolution of WC during HVOF become
severe as WC particle size decreases (Ref 1, 24). This fact
derived many investigators to optimize the phase forma-
tion in the nanostructure deposit in a similar way to
thermal spray of conventional microstructured WC-Co
materials. Most investigations revealed that deposition of
a dense WC-Co requires well heating of spray powders,
while less decarburization needs to reduce heating degree
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of nanostructured powders but it leads to increase of
porosity in the deposit (Ref 29). Accordingly, the
optimization of HVOF deposition conditions should be
performed by compromising between coating density and
decarburization. The optimization of HVOF spraying
conditions generally can lead to an increase of microh-
ardness of nanostructured WC-Co deposits than conven-
tional ones. The significant improvement of wear
resistance was observed for vacuum plasma sprayed
nanostructured WC-Co coating than conventional micro-
structured counterpart (Ref 31). Moreover, incorporating
nanostructured WC into conventional powders, which
constructed a multimodal powder in carbide size, led to a
significant improvement of wear performance of the
multimodal WC-Co cermet coating (Ref 32). However,
many articles reported that wear resistance of HVOF
sprayed nanostructured WC-Co coatings was not superior
compared with conventional coatings (Ref 24, 29, 33). This
fact was attributed to the sub-surface cracking along
lamellar interface during wear test (Ref 33). The easy
crack propagation along lamellar interfaces during wear
test of HVOF cermet coating suggests that the bonding
between lamellae in HVOF cermet coatings is limited,
which is generally observed in plasma-sprayed ceramic
coatings (Ref 34). Therefore, during HVOF spraying of
nanostructured WC-Co, the severe dissolution of nano-
sized WC into melted Co matrix may occur and reduce
wear-resistant phase (Ref 24) and weak interface bonding
between lamellae inherent to thermal spray process (Ref
34) may be present in the coating. Those features make it
difficult to effectively utilize the potential wear perfor-
mance of nanoWC-Co by HVOF.

Cold spraying process is recently emerging as a new
coating process of thermal spray family. In this process, a
coating is generally deposited through deformation of spray
particles in completely solid state with high velocity on im-
pact. The temperature of spray particles is much lower than
the melting point of any phase in spray powder. This low
temperature feature makes it possible to retain the ther-
mally sensitive microstructure of a feedstock such as nano-
structure to deposit. Then, this feature makes cold spraying
suitable to form nanostructured deposits from nanostruc-
tured feedstocks. The depositions of different nanostruc-
tured metallic materials such as Fe/Si alloy (Ref 35), Fe/Al
alloy (Ref 36, 37), MCrAlY (Ref 38), Al alloy (Ref 39) and
so on have confirmed the feasibility of cold spray process to
form nanostructured metal materials deposits.

With the recent development of cold spraying it was
considered that cold spraying can be used as an alternative
to HVOF to deposit nanostructured WC-Co. There-
fore, deposition of nanostructured WC-Co coatings was
attempted using cold spray process. The early work
reported by Lima et al. (Ref 40) showed that only a
nanoWC-Co with a limited thickness up to 10 lm could be
deposited. More recently, Kim et al. (Ref 41, 42) reported
that a thick nanoWC-Co coating up to 1 mm was built
up through cold spraying. It was demonstrated that the
cold-sprayed WC-12Co coating presented a microhardness
of about 2000Hv, which is comparable to sintered
nanoWC-Co.

Generally, a dense cold spray coating is created
through certain deformation of spray particles and the
underlying substrate or previously deposited coating. In
the case of ductile materials the plastic deformation ben-
efits the dense compaction of deposition particles (Ref
43). The coating microstructure can be further modified by
the tamping effect of impacting particle on the underlying
deposited particles (Ref 43). With hard WC-Co alloy,
shortage of ductility makes deposition of dense coating
difficult. Although superhard nanostructured WC-Co
coating has been successfully deposited, the physical
phenomena involving particle deposition were still not
understood.

In this article, a commercial nanostructured WC-Co
powder made from agglomerating nanoWC with cobalt
was employed to deposit coating. The critical velocity of
the powder was experimentally measured. The micro-
structure of the nanostructured WC-Co deposit was
characterized using scanning electron microscope (SEM),
X-ray diffraction (XRD), transmission electron micro-
scope (TEM). The influence of annealing treatment at a
high temperature on the microstructure and microhard-
ness of nanostructured coating was investigated. The
deposition process of nanostructured WC-Co particles on
impact was examined to understand the build-up process
of hard WC-Co coatings.

2. Materials and Experimental Procedures

2.1 Materials and Coating Deposition

A commercial nanostructured WC-12Co powder
(Inframat) was employed in this study. The powder was
made from agglomeration of nanosized WC with cobalt
followed by partially sintering. The powder particles had a
size range from 5 to 44 lm. The nominal WC grain size
was 50-500 nm. A stainless steel plate was used as a sub-
strate. Prior to deposition, the substrate was sandblasted
with alumina grits.

Cold spray deposition was carried out using a home-
made cold spraying system installed in our laboratory. The
spray gun with a convergent-divergent nozzle was em-
ployed in the system. The nozzle of a downstream length
of 100 mm has a throat diameter of 2 mm and exit
diameter of 4 mm. The other details of the system instal-
lation were described elsewhere (Ref 43). Helium was
used as both the accelerating and powder feeder gases.
The gas pressure and temperature at the prechamber were
2 MPa and 600 �C, respectively. Spray distance was
20 mm.

2.2 The Critical Velocity of the Nanostructured
WC-12Co

The critical velocity of the WC-12Co powder used in
this study was estimated through employing the approach
based on the measurement of the relative deposition
efficiency at different spray angles with respect to normal
impact (Ref 44). The detailed procedures of critical
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velocity measurement have been described in the previous
report (Ref 44). Here, only the basic methodology is
simply introduced. Based on the theory established in
previous study (Ref 45), the relationship between depo-
sition efficiency (Ed) and spray angle (h) can be expressed
using the particle size distribution parameters and the
parameters representing the relation between particle size
and velocity as follows:

Ed ¼ 1� exp � ðk sinðhÞ=VcÞ1=n � dmin

d0

 !m" #( )

� 1� exp � dmax � dmin

d0

� �m� �� ��1
� 100% ðEq 1Þ

where, Vc is the critical velocity and all other parameters
are the constants pertinent to particle size distribution and
particle velocity distribution. Particle size distribution is
expressed as follows through modifying Rosin-Rammler
formula using cut-off sizes of particles (Ref 44):

fm ¼ 1� exp � dp � dmin

d0

� �m� �� �

� 1� exp � dmax � dmin

d0

� �m� �� ��1
� 100% ðEq 2Þ

where, dmin and dmax are cut-off sizes of minimum and
maximum particle sizes, respectively, d0 and m are con-
stants. These parameters can be determined by measuring
quantitatively particle size distribution. In this study,
particle size distribution was measured by a laser diffrac-
tion sizer (MASTERSIZER 2000, Malvern Instruments
Ltd., UK).

Moreover, it was found (Ref 46) that particle velocity
can be expressed as the function of particle diameter (d) in
the form of (k/dn) as far as the velocity of the smallest
particle is less than gas velocity. Here, k and n are con-
stants. These two constants were obtained through simu-
lation method based on the Computational Fluid
Dynamics developed in the previous studies (Ref 46) for
the tested spray conditions in this study. During simula-
tion, a density of 10 g/cm3 was used.

Figure 1 shows the experimental result of the relative
deposition efficiency of the WC-Co powder against spray
angle. The regression of the theoretical relation (i.e., Eq 1)
between the relative deposition efficiency and spray angle
with the experimental data through the least-square fitting
yields the critical velocity. The regression result was also
shown in Fig. 1 for comparison. The present test yielded a
critical velocity of 915 m/s for the present nanostructured
WC-12Co. Therefore, deposition of the present nano-
structured WC-12Co needs to employ a set of spray con-
ditions to accelerate most particles to velocities higher than
915 m/s.

2.3 Coating Characterization

The microstructure of the coating and morphology of
both spray powder and deposited particles were charac-
terized by SEM. The microstructure of the coating was

also characterized by TEM. XRD was employed to char-
acterize the phase structure of both the powder and
coating. The microhardness of the coating was tested by a
microhardness tester under a 300 g load for a loading time
of 30 s. A coating was also subjected to a annealing
treatment at a temperature of 1000 �C for 6 h to investi-
gate the influence of the post-diffusion treatment on the
microstructure and properties of the coating.

3. Results

3.1 Morphology of Nanostructured WC-12Co
Feedstock Powder

Figure 2 shows the morphology of the powder at dif-
ferent magnifications. The powder exhibited a spherical
morphology. Evidently, nanoWC particles were partially
bonded together and voids appeared on the cross-section
of powder. From XRD pattern of the powder shown in
Fig. 3, it can be recognized that the powder consisted of
WC and Co two phases.

3.2 Characterization of Nanostructured WC-12Co
Coating

Figure 4 shows typical microstructure of cold-sprayed
nanostructured WC-12Co coating. It was recognized that a
dense coating can be built up to a thickness of 1 mm by
cold spraying. The examination in details into micro-
structure revealed that WC particles were densely com-
pacted in the coating although small voids were observed
as shown in Fig. 4(b). WC particles in the coating had a
broad size distribution. TEM examination (Fig. 5) exhib-
ited that many WC particles having particle size of around
100 nm were present in the coating. From XRD pattern of
the coating, shown in Fig. 2, it was recognized that only
WC and Co phases were present in the coating. This fact
means that no composition and phase structure changes

Fig. 1 The relation between the relative deposition efficiency of
nanostructured WC-Co and spray angle
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occurred during deposition. However, it was noticed that
the diffraction peaks of WC and Co were significantly
broadened compared with those of WC-12Co feedstock.

One possible reason for peak broadening is the high
atomic level strain in the coating induced by high velocity
impact of high-density WC-Co particles. Another possible
reason may be attributed to the reduction of WC particle
size through fracturing of brittle WC particle under high

Fig. 2 Morphology of nanostructured WC-12Co feedstock (a)
with detailed surface structure at a high magnification (b)

Fig. 3 XRD pattern of the cold-sprayed coating compared with
that of the powder

Fig. 4 Typical microstructure of cold-sprayed nanostructured
WC-12Co coating

Fig. 5 A TEM image of cold-sprayed nanostructured WC-12Co
coating
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impact pressure of incident particle. This phenomenon
will be discussed later in the discussion section.

3.3 Microhardness Test of the Nanostructure
WC-Co Coating

The microhardness of the coating was tested from
cross-section of the coating at a 300 g load. Nineteen tests
were performed and an arithmetic average hardness of
1812 ± 121 Hv0.3 was obtained. A typical indent was shown
in Fig. 6. It was observed that cracks occurred around
some indents. Those cracks usually propagated along the
direction of particle interface. This fact implies that the
interfaces between deposited particles were not perfectly
bonded. Moreover, the local collapse surrounding the
periphery of the indent was also observed surrounding
some indents, which may mean that carbide particles in
the as-sprayed coating were not fully densely compacted.
The hardness distribution was plotted using Weibull dis-
tribution as shown in Fig. 7. It is clear that the test data

followed the Weibull distribution. A mean microhardness
of 1869 Hv0.3 was obtained following the Weibull distri-
bution.

4. Discussions

4.1 Deposition Behavior of WC-Co Particles
in Cold Spraying

The present results clearly showed that a thick nano-
structured WC-Co coating can be deposited by cold
spraying. The results are consistent with those reported by
Kim et al. (Ref 41, 42). It is known that a cold spray
coating is built up via certain deformation of both spray
particle and substrate on impact of spray particle on a
substrate. When a hard particle impacts on a relative soft
substrate, the intensive deformation of the substrate will
cause the penetration of particle into the substrate.
Figure 8 shows three typical particles having penetrated
into the substrate surface to certain different depths. The
size of individual particles can be also estimated from the
morphology of penetrating particles showing in Fig. 8.
Clearly, the relative penetration depth into the substrate
depends on particle size. The smaller the particle size, the
relatively deeper the particle penetrates into the substrate.
Possibly, this is attributed to the difference in particle

Fig. 6 Typical indent on the coating after microhardness test

Fig. 7 The distribution of microhardness of cold-sprayed
nanostructured WC-12Co coating

Fig. 8 WC-Co particles penetrated into the stainless steel sub-
strate. (a) Two particles of different diameters penetrating to
different depths; large particle penetrated less depth than small
particle; (b) a smaller particle of about 10 lm diameter has al-
most embedded into the substrate completely
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velocity because smaller particle is accelerated to a higher
velocity. When the surface of a substrate is uniformly
covered by implanted WC-Co particles completely, a thin
layer of WC-Co coating of a maximum thickness about the
mean particle size can be deposit. This fact corresponds to
the result as reported by Lima et al. (Ref 40).

The successive building up of a WC-Co coating to a
designed thickness via impact of solid particles under cold
spray conditions requires the formation of a strong cohe-
sion of impacting WC-Co particle with the underlying
WC-Co coating. The creation of such cohesion requires
certain deformation of both impacting particle and the
underlying coating where the particle impacts on. On the
other hand, the deformation is associated with particle
velocity and powder structure. It can be considered that
the minimum deformation corresponds to the critical
velocity determined by powder structure. The successful
deposition of nanostructured WC-Co coating was realized
under the present spray conditions. This fact means that a
fraction of particles reached the velocities larger than the
critical velocity. In this case, a fraction of impacting par-
ticles fulfilled the necessary deformation requirements for
coating deposition with the nanostructured WC-Co parti-
cles used in the present study. However, the deposition
test using a conventional microsized-WC-Co powder with
a densely sintered microstructure did not achieve coating
building up instead of erosion of substrate under the same
spray conditions. This fact indicated that the particle
structure influences significantly the deposition behavior
of hard materials by cold spraying.

From the morphology of the powder particle shown in
Fig. 2, it can be found that although the WC particles
in the powder used in this study were aggregated together,
the voids were present within particle. Upon impact
at high velocity, the compaction of particles near the
impact area will occur through slipping of WC particle
along cobalt binder, which is referred to as the pseudo-
deformation of the particle. As it has been revealed by
previous studies, the significant deformation is limited to
the region near particle impact area (Ref 43). Deforma-
tion degree changes from the contact surface of impacting
particle to the top free surface. Such non-uniform defor-
mation leads to also the partial compaction of porous
microstructure inherent to original powder at the region
near the interface between the particle and the underlying
coating. On the other hand, the deformation near the free
surface of the particle is much limited. From the mor-
phology of particles penetrated into the substrate shown in
Fig. 8, it can be observed that the fraction of the pene-
trated particles near the top surface was kept almost
unaffected, which was present in the coating as a
deformable porous surface layer. When a spray particle
impacts on such layer, the deformation of both the top
porous layer of previously deposited particles and bottom
fraction of impacting particle near the interface region
simultaneously occurs. This makes it possible to fulfill the
requirements of the deformation of both substrate and
impacting particle. Therefore, the particles having a
velocity larger than the critical velocity can be adhered to
the coating one by one through the above-mentioned

pseudo-deformation. A dense coating should be created
by particle having a sufficient kinetic energy to cause the
compaction of majority of porous particle materials on
which it impacts. As WC particles in powder are bonded
loosely by cobalt binder, it deforms easily upon impact.
Consequently, it can be considered that a WC-Co powder
with WC particles bonded to a certain porous state by
cobalt is suitable for cold spraying. Moreover, the defor-
mability of WC-Co powder can be improved by raising its
temperature, which improves the deposition of WC-Co as
reported by Kim et al. (Ref 41).

With densely sintered WC-Co particles with low cobalt
content, the hardness of particles is high and deformability
upon impact is much low. The deformation of impacting
particle and the underlying cermet is also required to form
the cohesion strong enough to promote successive depo-
sition of WC-Co particle. The deformation behavior will
be similar to all other dense materials rather than com-
paction of porous structure in the case of present nano-
structured powder. When particle velocity is high enough
to embed only mechanically on the coating surface
through penetrating as shown in Fig. 8, the first cermet
layer is deposited with the penetrated particles covering
all soft steel substrate surface. Then, other spray particles
will impact on the surface of the deposited hard cermet
layer. However, low deformability of both deposited cer-
met layer and impacting particle would require much high
velocity to achieve a sufficient deformation necessary for
creation of sufficient cohesion. The present result suggests
that with the conventional densely sintered WC-12Co
cermet powder, under the present cold spray condition the
deformation degree of WC-Co particles was not high
enough to form a sufficient cohesion for successive coating
deposition. On the other hand, the deposition of cermet
particles may result in a rough surface due to limited
deformation of particles. This surface condition in turn
benefits the mechanical embedding of the incoming par-
ticles. As a result, a porous coating like that produced by
mechanically pressing would be deposited as in the case of
vacuum cold spraying with small solid ceramic particle
(Ref 47). The microhardness of such coating is much low
as reported (Ref 47) in comparison with bulk material.

From XRD pattern of the present cold spray nano-
structured coating, the significant broadening of XRD
diffraction peaks was clearly recognized. One possible
reason is attributed to atomic level strain resulting from
high velocity impact effect. This effect may change the
hardness of the coating. On the other hand, the atomic
strain can be released by post-annealing treatment. It was
found that the annealing treatment of the present coating
at 1000 �C for 6 h did not change microhardness numbers
of the coating. Therefore, the effect of the atomic strain on
the broadening of XRD diffraction peaks may be limited.
Another possible reason is the refinement of grain size.
The examination at the selected region using TEM sug-
gests that the refinement of WC particles occurred during
deposition. Figure 9 shows a typical large WC block in the
coating. It can be observed that the cracks exist in the
particle and two small chips in about 100 nm thick tended
to separate from the block bulk. It was estimated that the
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critical velocity of present powders was over 900 m/s. The
high velocity impact induced high intensity of stress.
Moreover, the impact also induces a shock wave in the
coating. The intensity of stress wave may be strong enough
to cause the fracture of brittle WC particles, which leads to
the refinement of grain size of WC particles. As a result,
the broadening of diffraction peaks of WC occurred.

4.2 Hardness of Cold-Sprayed Nanostructured
WC-Co Coating

The hardness test yielded a mean microhardness of
1869 Hv0.3 following Weibull distribution plotting. This
hardness value is much higher than those reported for
thermally sprayed nanostructured WC-Co coating (Ref 24,
33, 48, 49). It can be found that the microhardness of
sintered nanostructure bulk WC-12Co materials ranges
from 1800 to 2400 Hv0.3, depending on WC particle size
(Ref 15). Figure 10 shows a typical backscattering electron
image (BEI) of the cold-sprayed nanostructured WC-Co
coating taken using the field emission SEM at a high
magnification. WC particles can be clearly recognized
from each other.

Thereafter, the cross-sectional area of individual WC
particles was measured through image analyzing tech-
nique and WC particle size in an equivalent diameter was
estimated by assuming that WC particles are present in a
spherical shape. Figure 11 shows the statistical result of
WC particle size. It can be found that the size of most WC
particles ranged from about 50 to 300 nm. With WC-12Co
sintered bulk made from superfine WC particles in the size
from 100 to 300 nm, microhardness of 1800-1900 Hv0.3 can
be found from literature (Ref 15). Compared with WC
particle size and microhardness obtained in this study, it is
clear that the as-sprayed nanostructured WC-12Co coat-
ing achieved a microhardness value comparable to that of
the sintered bulk of comparable composition and WC
particle size. Therefore, it can be considered that it is
possible to deposit both the nanostructured WC-Co

coating and bulk through design of powder structure and
control of spray conditions.

4.3 Strengthening of Cold-Sprayed
Nanostructured WC-Co Coating through
Annealing Treatment

Due to low temperature feature of cold spray process,
the compositions of the as-sprayed WC-Co coating by cold
spraying are the same as that of powders. The coating
consisted of the same WC and cobalt two phases as the
starting powder. Because the deformation of particle is
more concentrated at the region near the interfaces during
deposition of a spray particle in cold spraying, the defor-
mation degree along the interface would not be uniform.
Accordingly, the bonding at the interfaces between
apparent WC-Co particles may be different from one
place to another. The weakly bonded interface, or even
nonbonded interface are as observed commonly in a
thermal spray coating, may possibly present in the coating.

With HVOF-sprayed nanostructured WC-Co, the lim-
ited lamellar bonding inherent to thermal spray coating

Fig. 9 TEM microstructure of WC particles in cold-sprayed
coating representing the refining of particle size through cracking
of large WC particle

Fig. 10 BEI image of cold-sprayed nanostructured WC-Co
coating

Fig. 11 WC particle size distribution in as-sprayed coating
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(Ref 34) leads to crack propagation along the interface
under wear loading, which is responsible for a lower wear
resistance than conventional WC-Co counterpart (Ref 33).
The attempt to improve wear resistance of HVOF WC-Co
through curing the interface bonding at a high tempera-
ture was also made (Ref 50). However, the brittle matrix
phase composed of the precipitated M12C carbide, which
is evolved during annealing treatment through Co-rich
Co-W-C ternary matrix formed through dissolution WC
into melted Co, causes the cracking and limits the
improvement of wear performance.

On the other hand, due to high purity of the binder
cobalt phase in cold-sprayed WC-Co coating, it can be
considered that annealing at an adequate temperature
promotes the diffusion of the binder and subsequently
improve the bonding between the particles in the coating.
The examination of cross-sectional microstructure of the
WC-Co annealed at a temperature of 1000 �C for 6 h evi-
dently showed that WC particle was uniformly distributed
in the coating and particle size did not changed (Fig. 12).
Moreover, small voids observed in the as-deposited state as

shown in Fig. 8 also significantly decreased. This fact
indicates that post-spray annealing treatment would lead
to a densifying effect of coating. Microhardness test yiel-
ded an average of 1822 ± 127 Hv0.3, which is almost the
same as that of the as-sprayed coating. Therefore,
annealing treatment influenced little the coating hardness.
Moreover, as shown in Fig. 13, the measurement of mi-
crohardness yielded a regular indent without any collapse
surrounding the indent. The lateral cracking was also not
observed. Those facts suggest that the particle interface
bonding and the further compaction of the cold-sprayed
WC-Co can be improved by annealing treatment.

5. Conclusions

Nanostructured WC-12Co coatings were deposited by
cold spraying using a nanostructured feedstock. Critical
velocities of about 915 m/s were measured for the present
feedstock powder. The microhardness value of the as-
sprayed coating was about 1800 Hv0.3, which is compara-
ble to that of sintered bulk of a similar composition and
microstructure. It was considered that certain degree of
deformation of both impacting particle and deposited
layer is required to build up a thick coating. With nano-
structured WC-Co, a porous structure originated from
agglomeration permits the pseudo-deformation through
compaction of particles. The deposition of a dense WC-Co
coating requires pseudo-deformation of WC-Co particles
on impact on the previously deposited coating layer.
Therefore, it can be considered that a WC-Co powder
with WC loosely bonded by the binder is suitable for cold
spraying. The high velocity impact of WC-Co particles
evidently caused the refinement of WC particles possibly
through fracture of large WC particles. The annealing
treatment at a temperature of 1000 �C had little influ-
enced on the microhardness of the coating. On the other
hand, it seemed that the bonding between deposited WC-
Co particles and the toughness of the cold-sprayed WC-Co
coatings can be improved by post-annealing treatment.
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