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The present investigation has been carried out in order to study the erosion wear behaviour of

WC–Co base thermal spray coatings. WC–12Co and WC–10Co–4Cr coatings were deposited by

means of high velocity oxygen fuel (HVOF) thermal spraying. The erosion tests were conducted at

impact angles of 30 and 90u using SiC particles of y50 mm in diameter as erodent, at a velocity of

83?4 m s21. It has been found that the erosion rate for both coated systems was higher when the

test was carried out at an angle of 90u. The through-thickness residual stresses of the coatings, as

well as the microstructural characterisation, allowed an explanation of the results and the erosion

mechanisms in each case. It has been found that, under the experimental conditions carried out

in the present study, the WC–10Co–4Cr coating exhibited a higher erosive wear resistance as

compared to the WC–12Co coating.
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Introduction
In the past few years, due to new legislation regarding the
production of electrolytic hard chromium (EHC) plating,
extensive research programmes have been carried out
aimed at finding appropriate alternative processes, more
friendly from the environmental point of view, able to
substitute such coatings in components exposed to severe
wear and corrosion operating conditions.1 Among the
results of such research activities, it has been shown that
WC–Co base coatings deposited by high velocity oxygen
fuel (HVOF) are good candidates for such a purpose,
particularly for the successful replacement of EHC in
aeronautical and aerospace applications.2–8 HVOF WC–
Co base cermets can withstand high contact pressures
without spallation and are often used in applications
where abrasive wear and erosion resistance are of
a primary concern, whereas WC–Co–Cr base coatings
are preferred when a higher corrosion resistance is
required.

Mann et al.9 have shown that HVOF WC–Co base
coatings can increase the slurry erosion resistance of
some critical components employed in the oil industry,

such as gate valves and seat rings, which results in a
significant cost reduction. However, it has also been
reported that Cr addition to WC–Co based coatings
improves the binding of carbides to the matrix, thereby
improving the erosion resistance as compared to WC–
Co base coatings.10 In this sense, Wheeler and Wood11

have assessed the performance of different coatings
including EHC, an electroless nickel composite and two
HVOF WC coatings, as feasible candidates for use in
offshore gate valves, and have concluded that deposition
gun WC–10Co–4Cr thermal spray coatings could
increase considerably the slurry erosion wear resistance
in comparison to the other coatings.

As indicated by Bingley and O’Flynn,12 erosive wear
is a difficult process to examine and it is not surprising
that no universally accepted predictive models are
available. These authors have analysed the mechanical
properties of a wide range of steels along with their
erosion wear rates, which have been compared with the
predictions of the models proposed by Hutchings13,14

and Sundararajan,15 applied initially for ductile materi-
als. Bingley and O’Flynn12 concluded that none of the
models were completely satisfactory in this respect,
because the choice of the experimental materials was not
the best for the validation of the predictive models due
to their complex microstructures and possible presence
of residual stresses.

Some of the models involve in their equations two
material constants: fracture toughness and hardness.14,16–18

For example, Wayne and Sampath18 suggested that the
erosion rate of WC–Co base thermal sprayed coatings, E,
was proportional to a parameter b that combines the
fracture toughness Kc, Vickers hardness, HV, and Co
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volume fraction VCo
f of the material by means of a simple

relationship. Accordingly

E~ab (1)

where a represents a proportionality constant and

b~K3=8
c H

1=2
V

VCo
f

1{VCo
f

(2)

The fracture toughness considered in the above model is
that measured normal to the coating/substrate interface,
since in this direction it is greater than that determined along
the interface, due to the low strength between the splats.

The erosion process involves stress states of a complex
nature, large plastic deformations and high strain rates,
which coupled with the highly heterogeneous micro-
structural and mechanical characteristics of thermal
sprayed coatings, makes its investigation very difficult.
Particularly, in the case of HVOF WC–Co base coat-
ings, due to their brittle–ductile composite nature
characterised by the presence of brittle hard carbides
embedded in a soft ductile matrix, the prediction of the
effects of erodent particle size and impact angle on
erosion rate and mechanisms is much more difficult.19

However, due to their relevance in a number of key
industrial sectors, the study of the erosion mechanisms
and response of these materials to erosion wear is of
utmost importance.

Therefore, the present investigation has been con-
ducted in order to study the erosion wear behaviour of
two different thermal sprayed WC base cermets with Co
and Co–Cr as binders, as a function of their morphol-
ogy, roughness, hardness and residual stresses, contri-
buting in this way to the understanding of the complex
phenomena just described.

Experimental techniques
WC–12Co and WC–10Co–4Cr coatings were deposited
by HVOF in an industrial facility on samples of SAE
1045 steel as substrate, employing a JP-5000 deposition
gun. Table 1 summarises the deposition conditions,
which correspond to those typically applied at industrial
level. In the as deposited condition, the coatings had a
mean roughness of Ra about 6–7 mm. Subsequently,
both coatings were polished in order to achieve a
roughness of less than y0?2 mm, as well as uniform
thicknesses of y350 and 500 mm, for the WC–12Co and
WC–10Co–4Cr coatings, respectively.

The coatings were examined by scanning electron
microscopy (SEM) techniques. The observations were
performed both on the cross-section and top surface
(parallel to the deposition plane) of the coatings. Addi-
tionally, the average coating porosity was determined by
optical microscopy and image analysis conducted on both

observation planes after careful preparation by means of
standard metallographic procedures by Struers Company.
The apparent porosity value reported was the average of 20
separate fields taken at a magnification of 6200, as
indicated in the ASTM E2109-01 standard.20 The different
phases present in the coatings were analysed by XRD
techniques, employing a diffractometer and Cu Ka radia-
tion. Both hardness (corresponding to 10 N normal load)
and the elastic modulus of these coatings were determined
by means of conventional and instrumented indentation
techniques. Such results have been reported elsewhere.21

The through-thickness residual stress field was deter-
mined by means of the incremental hole drilling
method.22 Tests were carried out using a high velocity
drilling machine (Restan 44; Sint Technology, Calenzano,
Italy) coupled with a coaxially assembled optical micro-
scope for the direct measurement of the hole diameter and
eccentricity, by means of a centesimal dial gauge. The mill
is powered by a compressed air turbine (P55 bar,
v536105 rev min21), and a stepping motor electroni-
cally controlled for a single feed motion step of 1 mm
generates the vertical displacement. The tests were
conducted by carrying out successive drilling steps of
20 mm in depth until the substrate was reached.

After drilling, the specimens were sectioned in order to
determine the coating thickness and hole depth by means
of SEM observations. The first output of the hole drilling
test are the relaxation strain/depth curves, from which it is
possible to compute the through-thickness residual stress
variation, provided that correct values for the calibration
coefficients are employed. Such coefficients were deter-
mined by means of the Integral Method,22 which has been
explained in detail elsewhere.23

The determination of the fracture toughness of the
WC base coatings was carried out by indentation tests
conducted on the cross-section of the deposits. For this
purpose, a CSM Revetest, under constant load condi-
tions, was employed. A load of 100 N was applied to the
material and the indentations were carried out along
the centreline of the coatings, ensuring that one of the
diagonals was parallel to such a direction. For this load
applied, both diagonals were less than 50% of the
coating thickness. For the determination of the fracture
toughness, only those cracks parallel to the coating/
substrate interface were taken into account. The length
of such cracks was measured on optical photomicro-
graphs. For cracks of a median radial type, the crack
length c is given by16

c~
a==za\

4
z

l1zl2

2
(3)

In this equation, the parameters a// and aH represent the
indent diagonals parallel and normal to the interface
respectively, whereas l1 and l2 represent the length of the

Table 1 Deposition parameters of HVOF process

WC–10Co–4Cr WC–12Co

Thermal spray gun TAFA HVOF JP-5000 TAFA HVOF JP-5000
Spraying distance/mm 300 380
Spraying angle/u 90 90
Powder feeding rate/g min21 40 83
Particle size/mm 45–55 22–66
Kerosene flux/L min21 10 23
Oxygen flux/L min21 35 78
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cracks formed at the corners of the diagonal parallel to
the interface, which also are parallel to it. If a Palmqvist
type cracking condition occurs, the crack length is
simply given by the mean values of l1 and l2.

The well known equation proposed by Ponton and
Rawlings24 for WC–Co materials was used to calculate
the fracture toughness, which was determined under
the assumption that crack morphology was of a
median radial type, since the ratio of the crack length
to the mean of the indent diagonals c/a52?06.24

Therefore, the model advanced by Evans and
Davis24 was applied for the computation of such a
property. On the other hand, the determination of the
fracture toughness of the WC–12Co coating was
carried out by means of the model advanced by
Niihara et al.,24 since the cracks generated from the
indentation were found to present a Palmqvist
geometry type, with a ratio l/a50?88.24

The erosion tests were carried out in dry environment
at room temperature, according to the ASTM G76-05
standard.25 For this purpose, sharp SiC particles of
y50 mm in diameter, fed at a rate of 2 g min21 with
filtered compressed air at a pressure of 140 kPa, were

employed. The particles impacted the coatings at angles
of 30 and 90u. The steady state erosion rate was
monitored as a function of time. The mean erosion rate
(mm3 g21) was computed as the steady state erosion rate
(mg min21) per unit of abrasive particles mass
(g min21), divided by the density of the sample
(g cm23). The density value employed for the WC–Co
base coatings was of y14?7 g cm23.26 The particles
impact velocity has a value of 83?4 m s21 and was
determined by employing the model advanced by
Ninham and Hutchings.27

Experimental results
The microstructural study of the WC–10Co–4Cr and
WC–12Co coatings indicated that these present a
uniform and dense morphology. Therefore, as shown
in Fig. 1, the typical microstructure composed of
superposed and oriented lamellas parallel to the coat-
ing/substrate interface is not at all evident. The dense
microstructure of the coatings was also corroborated by
measuring the apparent porosity, which was found to be
less than 1%, both on the cross-section and surface of
both deposits.

Figure 2 on the other hand, shows the results of the
XRD analysis of both thermal sprayed coatings. The
results indicate that decarburisation of the WC phase has
taken place, due to the formation of the deleterious brittle
W2C phase. This analysis also allowed the evaluation of
the decarburisation degree, an important parameter that
should be taken into account in the interpretation of
the wear behaviour of the coatings. According to
Savarimuthu et al.,8 the best results regarding the wear
behaviour of these coatings is attained if minimum
decarburisation takes place. The ratio of the peak heights
W2C/WC for the WC–10Co–4Cr and WC–12Co coatings
were found to be of approximately 5?5 and 11?4%
respectively, indicating that the WC–12Co coating under-
goes more decarburisation.

Table 2 presents the Vickers hardness values HV

obtained on the cross-section of the coatings, by
applying a load of 9?8 N, as well as the values of elastic
modulus E determined from Berkovich instrumented

1 SEM images of cross-section of coatings: a WC–12Co; b WC–10Co–4Cr

2 XRD spectra of WC–12Co and WC–10Co–4Cr coatings

Table 2 Mechanical properties of investigated coatings

Coating HIT/E HV/GPa HIT/GPa E/GPa KC/MPa m1/2

WC–10Co–4Cr 0.043 11.3¡0.8 12.1¡2.1 261¡10 1.42¡0.80
WC–12Co 0.032 7.3¡0.9 8.1¡1.1 254¡12 4.56¡0.90
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indentations, ratio of instrumented hardness to elastic
modulus HIT/E and fracture toughness. Here, it is
observed that the fracture toughness value of the WC–12
Co coating is greater than that of the WC–10Co–4Cr
deposit, in agreement with the results earlier reported by
López-Cantera and Mellor,16 as well as by Lima et al.28

Figure 3 shows the residual stress profiles that were
determined for the WC–12Co and WC–10Co–4Cr
coatings, which are described in terms of the change of
the maximum (s1) and minimum (s2) values of the stress
components with depth. For the WC–12Co coating, it
can be observed that s1 is of a tensile nature, from the
surface of the deposit up to the coating/substrate
interface. On the contrary, s2 is of a compressive nature,
whose largest magnitude is achieved near the interface.
Through the thickness of the coating, the magnitude of
s1 is always greater than that of s2, except near the
interface. For the WC–10Co–4Cr coating, as shown in
Fig. 3b, both components of the residual stress state are
mainly of a compressive nature, with the exception of
the change observed in s1 at a depth of 400 mm, which
achieved a tensile value of 78 MPa. At the interface, s1

and s2 achieved their highest compressive magnitudes of
709 and 850 MPa respectively.

Table 3 presents the results of the evaluation of the
parameters that quantify the erosive wear behaviour of
both coatings, including the mean erosive wear rate and
erosion wear resistance. In both cases, wear achieved a
steady state, with larger values of the erosion rate for the
WC–12Co coating than for the WC–10Co–4Cr deposit, in
the range of 33 and 15%, for impact angles of 90 and 30u
respectively. Figures 4 and 5 illustrate the SEM observa-
tions of the wear scars of both coatings, for both impact
angles. Here, it can be clearly seen that for the tests carried
out at an impact angle of 30u (Fig. 4), the morphology of
the wear scars of both coatings can be described as
consisting of grooves and cracks, whereas for the angle of
90u (Fig. 5), both coatings exhibit carbide fracture and
particle removal with formation of deeper craters. The

EDS analysis conducted at the centre of the scars (Fig. 5)
did not show the presence of Fe, which corroborates that
the wear process occurs only on the coating.

Discussion
Regarding the erosive wear mechanisms, it is well known
that ductile and brittle materials exhibit significantly
different behaviours when the erosion rate is determined
as a function of the impact angle. The results obtained in
the present investigation show that the mean erosion
rates of the WC–10Co–4Cr and WC–12Co coatings
impacted at an angle of 90u are 32 and 46% greater
respectively than those determined at an impact angle of
30u. Such a trend tends to indicate that the WC base
coatings exhibit a brittle erosive wear mechanism, as
suggested by Hussainova.29

Ball and Patetson30 have reported that the Co content at
which the transition from brittle wear to ductile wear takes
place is in the range of 10%, whereas according to Wright
et al.,31 such a transition occurs at approximately 7%.
Taking into consideration these previous findings, the
coatings under investigation, which have a Co content of
10 and 12 wt-%, should exhibit a ductile wear mechanism.
However, the deposits showed an increased worn volume
at an impact angle of 90u than at 30u, which would indicate
that the wear mechanism is partially brittle.

In this sense, other authors32–35 have reported that WC
base compounds exhibit a combined or mixed ductile–
brittle erosive wear mechanism, in agreement with the
SEM observations presented in Figs. 4 and 5. This
experimental evidence shows that, once the steady state
is achieved, the mixed wear mechanism exhibited by both
coatings involves the plastic deformation of the binding
phase, characterised by the presence of grooves, and the
fracture and subsequent removal of the WC particles. At
relatively low impact angles (30u), the ductile wear
mechanism of the coatings is more noticeable and
characterised by the extrusion or plastic deformation of

3 Through-thickness residual stress profiles of coatings: a WC–12Co; b WC–10Co–4Cr

Table 3 Mean erosive wear rate and erosion resistance for WC–10Co–4Cr and WC–12Co coatings

Mean erosive wear rate/mm3 g21

Wear resistance/g mm23Impact angle

Coating V Co
f

b 30u 90u 30u 90u
WC–12Co 0.33¡0.01 2.68 0.156¡0.006 0.289¡0.021 6.40¡0.23 3.45¡0.25
WC–10Co–4Cr 0.36¡0.01 1.88 0.133¡0.008 0.195¡0.018 7.52¡0.45 5.12¡0.47
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the Co matrix, whereas just a small difference in the mean
erosion rate of both deposits can be observed.

On the other hand, for the tests carried out at an impact
angle of 90u, the results indicate that the WC–10Co–4Cr
coating exhibits a good behaviour against erosive wear
induced by small particles, in comparison with the
behaviour showed by the WC–12Co coating. In this sense,
some authors10,36 have proposed that the good tribological
behaviour of the WC–Co–Cr base coatings is due to the
presence of Cr in the binding phase, which provides a
higher mechanical strength and hardness. Thus, the wear
mechanism could be governed by the binder strength, since
the erosive particles could impact in isolated regions of the
binder phase, enhancing the removal of the materials. A
similar analysis has been reported by Dent et al.37

regarding the evaluation of the erosive wear resistance
that WC–12Co coatings oppose to small alumina particles.

As suggested by Wada and Ritter,38 the erosion
mechanism of the WC–Co base coatings under investiga-
tion could also be related to the characteristics (size and
type) of the impacting particles. As indicated previously,
in the present investigation, the erosive wear behaviour
was analysed employing SiC particles with hardness
greater than that of the worn material (WC–Co). In this

case, it would be expected that the erosion mechanism
would be controlled by the formation and propagation of
microcracks within the WC grains, particularly in the
tests conducted at an impact angle of 90u. Thus, in
agreement with the observations of previous authors,38–41

the fracture toughness would have an important effect on
the erosion rate. From the data presented in Table 2, it
can be observed that there is not any correlation between
the erosive wear rate and fracture toughness of the
coatings, also in agreement with the results reported by
other researchers,29,35 who have determined that the
erosive wear rate is more dependent on the hardness of
both impacting particles and impacted target.

Thus, in an attempt to analyse the present erosion wear
results on the basis of the model advanced by Wayne and
Sampath,18 Table 3 includes the values of the parameter b
(equation (2)) obtained for both coatings. Here, it can be
observed that for the WC–12Co and WC–10Co–4Cr
thermal sprayed coatings, the model provides a good trend
for both impact angles, in the sense that, as b increases the
erosion rate also increases.

The behaviour of the coatings against erosive wear
could also be analyzed on the basis of the ratio HIT/E,
presented in Table 2. As indicated by some authors,16,41

4 SEM images of erosion wear scars on surface of coatings impacted by small SiC particles at an angle of 30u: a WC–

10Co–4Cr; b WC–12Co

5 SEM images and EDS analysis of erosion wear scars on surface of coatings impacted by small SiC particles at angle

of 90u: a, b WC–10Co–4Cr; c, d WC–12Co
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as such a ratio increases, the resistance to erosive wear is
also expected to increase. In the present investigation, it
has been found that the WC–10Co–4Cr coating presents
a higher resistance to erosive wear than the WC–12Co
deposit (Table 3), which correlates with its higher HIT/E
ratio.

Also, it could be suggested that a larger amount of the
brittle W2C phase found in the WC–12Co coating, in
comparison with that found in the WC–10Co–4Cr
deposit, would impair the resistance to erosive wear,
since the presence of such a phase decreases the strength
of the coating, leading to an increase in the brittle
erosive wear mechanism.26 The present results can also
be interpreted in terms of the residual stress profiles of
the coatings. As shown in Fig. 3b, the WC–10Co–4Cr
coating is under a compressive residual stress state, with
a mean value in the range of 2200 MPa, from the
surface up to a depth of approximately 300 mm. Such
stress state would allow an explanation of the decrease
in the contribution of the brittle erosive wear mechanism
that has been observed for this material at an impact
angle of 90u.

Conclusion
The erosion rate of the thermal sprayed WC–Co base
coatings that have been studied is more severe when the
material is impacted by solid particles at an angle of 90u, in
comparison with an angle of 30u. The erosive wear
mechanism is a combination of ductile and brittle mechan-
isms. The WC–10Co–4Cr coating exhibited a higher
resistance to erosive wear, in the range of approximately
15 and 31%, in comparison with the WC–12Co deposit,
when both materials are impacted by small solid particles at
angles of 30 and 90u respectively. This result has been
attributed to smaller content of the decarburised brittle
W2C phase, as well as the presence of compressive residual
stresses through the coating thickness. The ratio of hardness
to elastic modulus is an appropriate parameter as far as the
correlation with the erosive wear rate of the coating is
concerned. As such a ratio increases, the erosive wear rate of
the coating due to the impact of small SiC particles
decreases. Thus, the WC–10Co–4Cr coating, with a higher
hardness to elastic modulus ratio, exhibits a smaller erosive
wear rate than the WC–12Co coating.
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