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A modified ASTM G 65 rubber wheel test was employed in wet and dry conditions using 220 nm titania
particles and 368 lm sand particles, respectively. Both tests were conducted on WC-CoCr coatings
produced with two powders with different carbide grain sizes (conventional and sub-micron) to address
the effect of carbide size and abrasive medium characteristics on the wear performance. The same spot
before and after the wet abrasion wear testing was analyzed in detail using SEM to visualize wear
mechanisms. It was shown that the wear mechanism depends on the relative size of the carbide and
abrasive particles. Wear mechanisms in dry sand abrasion were studied by analyzing the single scratches
formed by individual abrasive particles. Interaction of surface open porosity with moving abrasive
particles causes formation of single scratches. By tailoring the carbide size, the wear performance can be
improved.
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1. Introduction

Ceramic-metallic (cermet) materials in the form of
thermally sprayed coatings have been employed success-
fully on different industrial components where good wear
performance is needed (Ref 1). This class of materials
offers a combination of hardness and toughness. Rein-
forcement particles in the form of carbides or oxides are
responsible for hardness, whereas the binder matrix is
responsible for toughness in cermet materials. Among the
cermet coatings deposited by thermal spray techniques,
WC-Co has gained great interest due to its good resistance
against wear (Ref 2). It has been shown that addition of

chromium to the cobalt binder improves the corrosion
resistance of WC-Co (Ref 3). Accordingly, good corrosion
resistance alongside good wear performance makes
WC-CoCr coating an admirable candidate for applications
where both corrosion and wear resistance are critical.

There are different test methods for evaluation of
wear performance of a coating system. In each particular
method, testing variables have diverse and significant
effects on the evaluation of wear performance and the
associated wear mechanisms. It is important to choose
proper test methods and test parameters to mimic real
working conditions. By simulating the actual wear condi-
tion in different applications, laboratory-based results will
be more useful and reliable. One of the important testing
variables in abrasion is abrasive particle size. In some
applications, such as paper and pulp industries, there are
nano-sized abrasive particles varying in shape which exist
in the medium and can be softer or harder than the
coating material. Most of the investigations for abrasive
wear study of thermal spray coatings have been done by
employing abrasive particles on the order of tens of
microns which are significantly larger than reinforced hard
particles and binder mean free path of coatings (Ref 4-6).
Changes in wear performance as well as wear mechanisms
by changing the abrasive particle size from micro to nano
are expected.

One of the most crucial parameters that effects
mechanical properties and wear performance of carbide-
based cermet coatings is carbide grain size. For carbide-
based cermets, researchers have shown a gain in wear
performance by reducing the carbide size (Ref 7). The
driving force for reducing the carbide grain size comes
from the fact that as the carbide size becomes smaller, the
binder mean free path is decreased, resulting in higher
resistance against deformation and material loss. Many
researchers (Ref 4, 8-17) have pursued such a hypothesis
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to improve the wear performance of HVOF WC-Co by
reducing the WC grain size to the nanoscale. Nevertheless,
for thermal spray coatings, different researchers have
shown sometimes contradictory wear performance results
for the effect of reducing carbide size from conventional
to nano (Ref 5, 18).

In this work, we studied the possible advantages in
mechanical properties and wear performance by reducing
WC grain size in WC-CoCr coating deposited by HVOF
technique. Wear loss was measured quantitatively as mass
or volume loss. Some of the mechanical properties were
evaluated as well. The wear mechanisms of coating which
showed best wear resistance were studied in detail.

2. Experimental Techniques

2.1 Materials

Two different WC-CoCr powders with different
WC grain size were used in this study: conventional
(WOKA 3652, Sulzer Metco, Germany) and sub-micron
(DURMAT 135.063, Durum, Germany). Detailed char-
acteristics of the powders are provided in Table 1.

2.2 Coating Deposition

All coatings were deposited by HVOF DJ-Hybrid gun
using the hydrogen as the fuel gas and nitrogen as the
carrier gas. The parameter selection was based on tem-
perature and velocity measurements made by a Spray-
watch diagnostic device (Oseir Oy, Finland). Two sets of
spray parameters were selected for deposition of coatings.
These parameters are shown in Table 2. The temperature
and velocity are shown in Fig. 1 for both powders and
spraying parameters. It is notable that parameter ‘‘A’’
provides higher temperature with lower velocity, while
parameter ‘‘B’’ provides lower temperature with higher
velocity. Coatings were deposited on stainless steel that

was grit-blasted with 590-710 lm alumina particles at
4.5 bar pressure followed by ultrasonic cleaning in the
acetone. Enough air cooling was applied to keep the
substrate temperature at 150 �C during spraying. Sub-
strate temperature was measured during the spraying to
assure the minimal fluctuation from intended substrate
temperature (±50 �C).

2.3 Characterization Techniques

Coatings were evaluated by x-ray diffraction with a
Phillips PW3710 with Mo-K-a radiation for detection of
different phases and the W2C/WC intensity peak ratio was
used as an indication of the level of decarburization.
Powders and coatings cross sections were studied by
scanning electron microscopy (SEM), JEOL JSM-6400.
The shape of abrasive particles utilized in this work was
studied by SEM. Hardness and elastic modulus values
were obtained by an instrumented microhardness tester
(Zwick ZHU 0.2). A Vickers indenter was employed using
a 300 g load for hardness and elastic modulus measure-
ment. Wear performance was evaluated by volume loss in
a wet abrasion test using a Sensofar surface profilometry
instrument and by weight loss in a dry sand abrasion test.
Porosity values were measured using five SEM images
of coating cross sections with 5009 magnification by
LeicaQwin image analyzing software.

2.4 Abrasive Wear Test

There are different apparatus for abrasion test based
on ASTM standards such as ASTM G65 and B611
(Ref 19, 20) specifically designed for cemented carbides.
We used two different modified abrasion test techniques
to carry out both dry and wet abrasion tests. Figure 2
shows two modified settings used in this study. In both
cases, a rubber wheel was used to provide low stress level
in dry and wet conditions.

Table 1 Details of employed powders in this study

Powders

Apparent
density,
g/cm3

WC
grain

size, lm

Size
distribution
d10-d90%

Chemical
composition,

wt.%

C Co Cr

Conventional 4.91 1-3 24-45 5.34 9.68 3.79
Sub-micron 5.71 0.4 20-39 5.13 9.98 4.0

Table 2 Spraying parameters

Parameters
H2,

SLM
O2,

SLM
N2,

SLM
Air,
SLM

Fuel/
oxygen

Stand-off
distance, mm

A 635 215 14 350 2.2 230
B 605 245 20 350 1.9 230

SLM, standard liters per minute

Fig. 1 Temperature and velocity measured for spraying
parameters ‘‘A’’ and ‘‘B’’ for conventional and sub-micron
powders
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The abrasive particles that were used in the dry rubber
wheel tests were casting sand particles (99.5% SiO2) with
a 368 lm diameter. Figure 3(a) shows the SEM image of
sand abrasive particles. It is notable that sand abrasives
contain both irregular- and spherical-shape particles. No
recycling of abrasive particles was done during the dry

rubber wheel abrasion test. Mass loss of samples was
measured at different time intervals (10, 20, and 30 min) as
an indication for wear performance during dry rubber
wheel abrasion testing. Wheel speed was 200 rpm and
feeding rate of sand particles was 260 g/min. Both tests
were done under 5 kg load.

For wet abrasion testing, a mixture of 10% mass titania
in water was used. Average particle size of employed
titania was 220 nm. Size distribution of titania particles in
the water mixture was measured to make sure no per-
manent bonding of particles has happened in the mixture.
Hardness of titania and casting sand particles are rela-
tively the same (750-950 HV). A wheel speed of 100 rpm
was used for wet abrasion test. The volume loss of coating
was measured after 6-h tests as an indication of wear
performance. Figure 3(b) shows the SEM picture of tita-
nia abrasive particles. As depicted, the titania particles are
uniformly spherical.

3. Results and Discussion

3.1 Coating Characterization and Wear

Figure 4 shows the backscattered electron images of
conventional and sub-micron powder morphology and
cross sections used in this study. In the case of conven-
tional powder, the binder phase is not completely
homogenized. Nevertheless, for sub-micron powder, the
binder is completely homogenized. The difference in level
of homogeneity is arising from differences in the powder
manufacturing processes. It is shown from the cross-
sectional images that conventional powder has lower
density. The SEM figures from the coating microstructures
are presented in Fig. 5, which shows clearly the difference
in carbide size and binder mean free path between the
coatings. In Table 3, W2C/WC ratio, indentation hardness,
indentation elastic modulus, porosity, and wear perfor-
mance of coatings for different spray conditions are pre-
sented. The level of decarburization (W2C/WC ratio) for
coatings deposited using sub-micron powder is higher than
conventional and for the coatings sprayed by conventional

Fig. 2 Modified settings used in this study for wet (left) and dry (right) rubber wheel abrasion wear test

Fig. 3 (a) Sand abrasive particles with irregular shape used in
dry abrasion test and (b) titania abrasive particles with spherical
shape used in wet abrasion test
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carbide size powder, the difference in W2C content is
relatively low and changing the spraying parameters has
no significant effect on W2C content. Nevertheless, W2C
content in finer carbide size is more sensitive to spraying
parameters. This might be attributed to higher tendency of
finer WC to dissolute into the matrix (Ref 21).

3.2 Wear Mechanism in Fine Particle Wet Abrasion

The volume losses after 6 h of wet abrasion testing are
presented in Fig. 6. It can be seen that wear performance
in fine particle wet abrasion for sub-micron coatings,
disregarding to the spraying parameters, is better.

The coating, which was deposited by conventional
powder using parameter ‘‘B’’, exhibits the worst wear
performance under both dry and wet abrasion. This might
be due to the lower heat input that led to the poor micro-
structure with a high amount of porosity. Among the
coatings deposited by sub-micron powder, the coating
sprayed with parameter ‘‘B’’, which had the lowest poros-
ity, exhibited the best wear performance in wet abrasion.

To systematically study the wear mechanism, a visual-
ization approach was employed by means of studying the

same spot on the wet abrasion wear track with low and
high resolutions. Patterned indents using a Vickers
indenter were made with a 10 kg load on the surface of
sample to serve as landmarks for relocating purpose.
Using this marking technique, we were able to relocate
the same spot in the electron microscope. This technique
enables us to relocate individual carbides with high reso-
lution in the microstructure by interrupting the abrasion
test and examining the sample using SEM. This technique
allowed for studying the wear mechanism on different
scales. Figure 7 shows a schematic of this procedure. After
marking the sample, the SEM images were taken before
the wet abrasion test, after 3 h of testing and after 6 h of
testing exactly from the same spot. The SEM images taken
from the targeted spot before the test did not reveal any
features of microstructure due to poor surface quality (not
presented here). Because of the sample size, we were not
able to apply polishing on the samples and only lapping
was applied prior to wet abrasion wear test.

In the microscale range (Fig. 8), it was observed that
some of the pores became bigger and some others became
smaller (shown by arrows in Fig. 8a, b). We hypothesize
this is due to non-uniform material removal from the

Fig. 4 Conventional powder morphology (a) and cross section (c). Sub-micron powder morphology (b) and cross section (d)
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surface. In some areas, the whole material is worn (similar
to cutting) and the porosity became smaller. On the other
hand, in other areas abrasive particles interacted with the
edges of pores and caused removal of material. The
interaction of abrasive particles with the edge of pores
leads to their widening. In addition, in images with 10009
magnification (Fig. 8c, d), removal of a group of carbides
or splats is illustrated. However, higher magnification
studies revealed additional wear mechanisms related to
the interaction of abrasive particles with carbide grains.
Figure 9(a) shows one spot after 3 h of wet abrasion
testing and Fig. 9(b) shows exactly the same spot after 6 h
of wet abrasion testing.

The following mechanisms that can happen step by step
or simultaneously in the case of soft abrasive particles in

wet abrasion test on WC-CoCr thermally sprayed mate-
rials are suggested:

1. Removal of soft metallic binder phase.

2. Fragmentation of carbide grains as a whole or in part.

3. Removal of fragments by removing the binder.

Larssen-basse et al. reported similar wear mechanism
for soft abrasives (Ref 22). For a more detailed study, each
carbide size shown in Fig. 9(a) was measured employing
the image analysis software (Leica Qwin) and the above
mechanisms were addressed by recourse to the relative
size of the carbide grains to abrasive particles (average
220 nm). When this ratio is <0.5, cutting of binder and the
removal of carbides with the binder occurs (Fig. 10a).

Fig. 5 SEM microstructures from the coating sprayed by conventional powder with parameters A (a) and B (c) and sub-micron powder
sprayed with parameters A (b) and B (d)

Table 3 Coatings properties

Powder Parameter W2C/WC Hardness, HV 0.3 kg Elastic modulus, GPa Porosity, % Dry abrasion wear, mg/30 min

Conventional A 0.16 1265 ± 211 281 ± 36 1.9 ± 0.37 8.5
B 0.14 1088 ± 219 245 ± 21 2.04 ± 0.4 11.7

Sub-micron A 0.33 1302 ± 124 244 ± 13 0.84 ± 0.17 10.7
B 0.21 1147 ± 322 237 ± 27 0.7 ± 0.48 10.1
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When this ratio is between 0.7 and 1.3, fragmentation of
carbides occurs. Note that when this ratio is close to the
lower limit (0.7) fragmentation of whole grain happens

and when it is close to higher limit (1.3) partial fragmen-
tation of carbide grain occurs (Fig. 10b). With the ratio
larger than 1.4, no significant effect on the carbides was

Fig. 6 Volume loss for conventional and sub-micron carbide
size coatings in wet abrasion test sprayed with parameters A
and B Fig. 7 Schematic of patterning and relocating procedure on the

surface of WC-CoCr coating

Fig. 8 After 3 h wet abrasion test 4009 (a) and 10009 (c) and after 6 h test 4009 (b) and 10009 (d)

Journal of Thermal Spray Technology Volume 19(1-2) January 2010—373

P
e
e
r

R
e
v
ie

w
e
d



observed. All the above mechanisms were observed for
spherical-like soft abrasive particles (in comparison to the
coating material) in the wet abrasion test and might not be

applicable for abrasives with different shape and different
properties.

3.3 Wear Mechanism in Coarse Particle Dry
Abrasion

Due to the formation of rough surfaces and high vol-
ume loss after dry sand abrasion test, study of the wear
track in high magnification provides limited insight into
underlying wear mechanism. One solution to overcome
such limitations is studying the single scratches which have
been made by individual abrasive particles in the very
early stages of material removal. To be able to analyze the
initial scratches and material removal caused by abrasive
particles, sub-micron coatings sprayed with parameter
‘‘B’’ were exposed to the sand abrasion rubber wheel test
for a very short time (one complete rotation of wheel at
30 rpm). The outcome of this test was a sample with single
scratches on its surface. After the test, single scratches
were studied by SEM.

When a rubber wheel (a cylinder) comes to the contact
with a flat surface based on Hertzian theory (Ref 23), the
contact pressure may have an elliptical distribution which
has its maximum value in the center and the lowest values
at its two ends. This contact pressure can be calculated as
follows:

PðxÞ ¼ Pmax

ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� x2

a2

r

ðEq 1Þ

a ¼

ffiffiffiffiffiffiffiffiffiffi

4RF

pER

s

ðEq 2Þ

Pmax ¼
2F

pa
ðEq 3Þ

where P(x), R, F, a, and ER are pressure distribution,
radius of rubber wheel, contact force per unit length of the
cylinder during the test, half of contact length, and elastic
modulus of rubber wheel, respectively.

Fig. 9 High-magnification SEM images (a) taken after 3 h and
(b) 6 h exposure to the wet abrasion test. Arrows indicate gradual
removal of fragments and dotted circles indicate full or partial
fragmentation of carbides

Fig. 10 Schematic of wear mechanisms: (a) removal of carbides by cutting the binder and (b) partial or full fragmentation of carbides
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Figure 11(a) and (b) shows one example of the starting
point of the scratches within the contact area and the
continuance of same scratch, respectively. Similar to all
other scratches, the scratches originated from surface open
porosities and continued to the direction of rubber wheel
movement. It is noteworthy that starting points of single
scratches are not at the same pressure level in the contact
region (based on pressure distribution of the rubber wheel
in contact with rigid surface). This observation indicates
that pressure level does not necessarily define the pene-
tration point of abrasive particles into the material. The
schematic of scratches formed on the surface within the
contact region are shown in Fig. 11(c).

To remove material by abrasive particles, penetration
of abrasives into the material and high enough shear force
(parallel to the surface) acting on penetrated particle is
necessary. In the case of relatively soft sand particles
moving in between soft rubber wheel and hard coating
surfaces, penetration of particles to the hard surface will
be very limited. Nonetheless, in the current experiment,
entrapment of the corner of an abrasive particle (which is

sharp on the micro-scale) into the surface open porosities
provides a condition similar to the already-penetrated
particle. At this stage, a bigger portion of particle is
gripped by rubber wheel and a smaller portion of particle
is locked into the pore. Entrapment of a corner of an
abrasive particle into the pore (similar to penetration of
particle) and shear force provided by rotation of rubber
wheel acting on abrasive particle satisfy two conditions for
material removal by abrasive particles. Formation of
grooves (Fig. 11b, c) with much smaller width than actual
abrasive particle size (groove width 2-3 lm, abrasive
particle size ~368 lm) provide evidence of the above
explained mechanism which is based on entrapment of a
corner of abrasive particle into the surface open porosi-
ties. The observed grooves are more likely microplough-
ing and microcutting of material due to the single pass of
an abrasive particle (Ref 24). In microploughing, the
material does not detach from the surface and just dis-
places sideways. It can be displacing the hard WC within
the soft binder. Microcutting can be cutting a shallow
thickness of WC and cutting the binder which has been

Fig. 11 (a) Starting point (shown by an arrow) of a single scratch from a surface open porosity and (b) middle part of scratch on the
surface of coating in dry sand abrasion test. (c) Schematic of scratches formed on the surface within the contact region. Note that starting
points are not related to the pressure distribution
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extruded from between the WC grains. The microp-
loughing was not pronounced to form significant ridges at
the edges of grooves. This explanation is more plausible in
the absence of debris and microcracking inside and around
the wear grooves. In this experiment, microfatigue was not
addressed as only one pass of single abrasive particle was
considered and studied.

3.4 Effect of Surface Open Porosities on Wear
Performance

When the surface open porosity size is smaller than the
abrasive particle size, the pores will have a negative effect
on wear performance as explained above (a corner of
abrasive particle can be locked into the pore and start to
scratch). Nonetheless, when the pore size is larger than the
abrasive particle, the pore will act as a reservoir and
abrasive particles will be deposited into that pore and the
concentration of abrasive particles in contact with surface
of material will be decreased. Consequently, the wear
performance will be improved. It can be seen in Fig. 8(a)
where the indent imprint acts as a big pore that abrasive
particles can be deposited into the pore, resulting in less
effected surface to the left side of indent mark (smooth
with no pore produced by wear). Voyer and Marple
observed the same positive effect of porosity on wear
performance (Ref 25).

4. Conclusions

The behavior of WC-CoCr coatings produced with two
different powders of varying WC grain size during wet and
dry abrasion conditions was evaluated. W2C/WC ratio was
measured as a comparative tool to study the dissolution of
WC into the matrix and its sensitivity to different vari-
ables. Dissolution of WC into the matrix is not sensitive to
the spraying parameters for conventional powder. On the
other hand, dissolution in sub-micron powder is more
sensitive to spraying parameters. However, the hardness
value was higher for higher W2C content. No correlation
between W2C and wear performance in wet and dry
abrasion test was observed. In addition, associated wear
mechanisms under both wet and dry abrasion conditions
were addressed. Reducing the carbide size from conven-
tional to sub-micron did not lead to any significant gain in
dry sand abrasion test. In fine particle wet abrasion test by
reducing the carbide size from 1-3 lm to 0.4 lm the wear
was reduced by 50%. Under wet abrasion condition where
the abrasive medium contains titania particles mixed with
water, the abrasive particles interact with binder and
carbides separately. The wear mechanism consists of
partial and/or full fragmentation of WC grains, removal of
binder and removal of carbide fragments or small carbides
within the binder. These steps can happen simultaneously
or step-by-step. In the early stages of material removal,
under dry abrasion condition, abrasive medium contains
sand particles which are bigger than the carbides or binder

mean free path. In this case, penetration of abrasive par-
ticle to the dense region of coating will be difficult.
However, open surface pores will serve as origins for wear
scratches made by individual abrasive particles. Intrinsic
porosities which have been formed during the deposition
process and can be found within the coatings have an
effect on some of the mechanical properties such as elastic
modulus, shear modulus, Poisson�s ratio, and hardness that
may indirectly affect the wear performance by changing
the material�s elastic-plastic response to the external
loading. Dependency of mechanical properties on the
porosity has been discussed extensively in literature
(Ref 26-29). Nevertheless, when the porosities appear on
the surface of a coating or are generated on the surface
due to cutting or polishing process, the contact condition
will be changed which causes the change in wear perfor-
mance. To obtain the best wear-resistant carbide-based
coatings, tailoring the carbide size will be more effective if
we have adequate information on abrasive particle char-
acteristics (size, hardness, and shape).
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