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The aim of this research is to investigate the sliding friction and wear behavior of a novel WC–Co thermal spray
coating deposited from electroless Ni–P coated WC–12Co feedstock powders. The Ni–P coated powders were
sprayed on ST37 steel substrate to form a coating, denoted as Ni–PmodifiedWC–12Co coating, using high veloc-
ity oxygen fuel (HVOF) process. The X-ray diffractometry (XRD) and high resolution field emission scanning elec-
tronmicroscopy (HR FESEM)were used to analyzemicrostructural properties of Ni–P coatedWC–12Co powders
and the resultant coating. The sliding friction andwear behavior of Ni–Pmodified coating was investigated using
a ball-on-disk technique under an applied load of 30 N. The Ni–PmodifiedWC–12Co coating showed extremely
lower decarburization level, higher hardness and fracture toughness as compared to the conventional WC–12Co
and WC–17Co coatings. The wear rate of Ni–P modified coating was found to be ~3.2 × 10−4 mg/m indicating
~68 and 72% improvement in wear resistance, with respect to the conventional WC–12Co and WC–17Co coat-
ings. Moreover, the Ni–P modified coating exhibited the lowest average friction coefficient of ~0.4 with minor
fluctuations. The dominating wear mechanism of Ni–P modified coating was individual WC particles pull-out
following extrusion of Ni (Co) binder phase.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The WC–Co thermal spray coatings are frequently used in wear
resistance applications due to their superior mechanical and tribo-
logical properties [1–6]. Air plasma spraying (APS), detonation
spray coating (DSC) and high velocity oxygen fuel (HVOF) are the
most commonly used techniques for deposition of WC–Co coatings.
The HVOF process provides advantages over other techniques such
as higher velocity and lower temperature of in-flight particles, produc-
ing coatings with minimal porosity, excellent adherence to the sub-
strate, larger fraction of retained WC and correspondingly improved
wear properties [4,5,7–14]. However, the wear resistance of thermally
sprayed WC–Co coatings is always inferior to that of sintered WC–Co
hardmetals with identical composition [15,16]. This difference results
primarily from decomposition and decarburization of WC during
thermal spray leading to the formation of undesirable phases such as
W2C, metallic tungsten, amorphous or nanocrystalline Co–W–C phase
and complex carbides in the coating microstructure [3,5,17–19]. It is
proposed that during HVOF spray the cobalt matrix melts, upon which
WC particles dissolve into the liquid binder enriching the adjacent
cobalt matrix in tungsten and carbon. As a result of oxidizing atmosphere
gineering, Isfahan University of
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of HVOF flame, the carbon dissolved in the binder is oxidized to form
CO/CO2. On impact and subsequent solidification, W2C phase precipi-
tates from the tungsten-rich binder [1,5,19]. Besides the aforemen-
tioned mechanism, direct WC oxidation due to the exposure to the
oxidizing HVOF flame is proposed as another mechanism for W2C
formation duringHVOFprocess [19]. The effects of these phase transfor-
mations have been reported by many researchers [1,5,20–26] to be
deleterious to wear performance of WC–Co coatings. Therefore, many
studies have focused on minimizing the extent of decarburization so
as to enhance wear properties of thermally sprayed WC–Co coatings.
Recently, the effect of using metal clad WC–Co feedstock powders on
the microstructural and tribological properties of WC–Co coatings has
been investigated by several researchers [2,4,27]. Baik et al. [27]
developed a thin Co layer on the surface of WC–Co feedstock powders
by immersion into Co-hydrate sol and subsequent hydrogen reduction.
They found that the resultant coating exhibits relatively higher wear
resistance and lower WC decarburization level, although the W2C
phase was still one of the main constituent in the phase composition
of the coating. Saha et al. [2] reported that development of a duplex
Co layer around WC–Co powders by chemical vapor deposition (CVD)
can prevent significant decarburization of WC during HVOF process,
thereby improving the sliding wear resistance of the coatings. Yuan
et al. prepared WC–Co–Cu–MoS2 [28] and WC–Co–Cu–BaF2/CaF2 [29]
feedstock powders using mechanical milling followed by sinter and
crush processes to deposit coatings by APS technique. They observed
//dx.doi.org/10.1016/j.surfcoat.2013.07.059
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Table 1
Composition of the electroless Ni–P plating bath.

Chemical Concentration (mlit/lit)

Slotonip 71-1 (basic solution) 160
Slotonip 72 (nickel solution) 70
Slotonip 76 (stabilizer) 7
HF (40 vol.%) 12
Ammonia solution (25 vol.%) To adjust pH

Table 2
Characteristics of feedstock powders.

Powder Composition (wt.%) (error: ±1%) Carbide size (μm)

W C Co Ni P Total binder

WC–12Co Balance 5.28 12.1 – – 12.1 1–6
WC–17Co Balance 5.18 17.2 – – 17.2 1–5
Ni–P coated
WC–12Co

Balance 5.08 11.7 5.5 0.4 17.6 1–6
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significantly low WC decarburization level due to the protection of Cu
layer around initial powders. Moreover, they reported superior friction
and wear properties for WC–Co–Cu–MoS2 and WC–Co–Cu–BaF2/CaF2
coatings compared to conventional WC–Co ones.

Previous study by the authors [30] showed that WC decarburization
during HVOF can be prevented to a large extent by utilizing electroless
Ni–P coated WC–12Co powders as feedstock material. In this research,
tribological behavior of WC–Co coating deposited from Ni–P coated
WC–12Co powders, which is denoted as Ni–P modified WC–12Co
coating, is deeply investigated and the changes in the friction and
wear properties are explained in terms of the microstructural features
of the coating.

2. Experimental procedure

2.1. Materials and methods

Three powders were used as HVOF feedstock material: two commer-
cial WC–12Co and WC–17Co powders from Metallisation Ltd., with
spherical morphology and particle size in the range of ~15–45 μm, and
an electroless Ni–P coated WC–12Co powder. Electroless Ni–P plating
was performed on WC–12Co powders using bath 18071 and Electroless
Nickel SLOTONIP 70A process [31] from Schloetter Galvanotechnik. The
composition of the electroless plating bath is presented in Table 1.

The bath solution was placed in a glass beaker and heated up to
82 °C using a heater/stirrer. Then, WC–12Co powder particles were
added to the bathwithout any pretreatment. During the plating process,
the temperature and pH of the bath were maintained at 80–82 °C and
4.5–5, respectively.

Fig. 1 shows the surfacemorphology and cross section ofNi–P coated
WC–12Co powders.

It is observed that the electroless nickel plating has led to the forma-
tion of a thin and uniform Ni–P layer with thickness of ~0.5–1.5 μm
around individualWC–12Co powders; moreover, the Ni–P coated pow-
ders possess spherical morphology, indicating that the electroless Ni–P
Fig. 1. SEM images of (a) surface morphology and (b)
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layer follows the geometry of initial WC–12Co powders. The character-
istics of the feedstock powders are presented in Table 2.

ST37 steel disks with size of Ø30 × 5 mm were used as substrate.
Prior to spraying, the disks were grit blasted to obtain mean surface
roughness (Ra) of ~15 ± 2 μm, and degreased with acetone. The HVOF
spraying was carried out using MET JET III HVOF torch (Metallisation
Ltd. at PACO, Isfahan, Iran) with parameters specified in Table 3.

To evaluate the porosity of the coatings, SEM images from coatings
cross-section were digitized and analyzed using Clemex microscopy
image analysis software. The mean surface roughness (Ra) values of
as-sprayed coatingsweremeasured by Taylor-Hobson roughness tester.

2.2. Characterization

The XRD patterns of feedstock powders and resultant coatings were
recorded with step size of 0.05 degree per 1 second using a Philips
diffractometer (40 kV) with Cu Kα radiation (λ = 0.15406 nm).
High resolution FESEM (JEOL JSM-7401F) was used to evaluate the
microstructural characteristics of the powders and coatings.

The micro-hardness of the coatings was measured using a Buehler
micro-indentation with 2 kg of applied load and dwell time of 20 s.
The mean value of 10 indents taken along themid-plane of the coatings
was quoted as the micro-hardness. The indentation fracture toughness
of coatings was measured by taking indents on the coatings cross-
section at the load of 5 kg. At least 10 indents were performed for
each coating. The fracture toughness (KIC) of coatings was calculated
using the Eq. (1), assuming that the corner cracks generated from
indentations are radial with the Palmqvist geometry [4,5].

K IC ¼ 0:0193 Hvdð Þ E
Hv

� �2
5

að Þ−1
2 ð1Þ

where Hv and E are Vickers hardness and elastic modulus of the coat-
ings, respectively; a the crack length from indenter corner; and d the
cross-section of Ni–P coated WC–12Co powders.
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Table 3
HVOF spray parameters.

Deposition parameter Value

Spraying distance (mm) 350
Oxygen (mlit/min) 830
Methane (mlit/min) 260
Carrier gas (Nitrogen) (lit/min) 4
Oxygen/fuel ratio 3.19
Powder feed rate (g/min) 40
Spray angle (degree) 90

Fig. 2. XRD patterns of powders and coatings of (a)WC–12Co, (b) WC–17Co and (c) Ni–P
modified WC–12Co.
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half-diagonal of the Vickers indentation. The elastic modulus of the coat-
ings was obtained by applying nano-indentations (FIB/Nanoindenter, FEI
Company, USA) on the cross-section of the coatings. The elastic modulus
values were derived from the initial slope of force-displacement curve
during unloading, following the Oliver and Pharrmethod [32]. Moreover,
the SEM images of the indentations were examined to obtain the precise
lengths of the corner cracks (a) and the half-diagonal of the Vickers in-
dentation (d).

Friction and wear properties of the coatings were investigated
using a ball-on-disk wear test machine. Prior to wear testing, the
coatings were ground and polished down to 1 μm resulting in the
mean surface roughness values in the range 0.05–0.1 μm. Sintered alu-
mina balls of 7 mm diameter (provided by TIS Wälzkörpertechnologie
GmbH, Germany) were employed as counterface. The apparent density
and hardness of the balls were 3.95 gr/cm3 and 70 HRC, respectively.
The coatings and balls were ultrasonically cleaned in ethanol for
5 minutes. The tests were conducted at room temperature (25 °C)
in air (relative humidity of 28–30%) with sliding speed of 0.1 m/s
for 3000 m of sliding distance under vertical load of 30 N. The wear
loss was measured from the mass difference of specimens before
and after sliding test using an electronic weighing balance of
0.01 mg accuracy. The friction coefficient was continuously recorded
with sliding distance. In order to take the repeatability into account,
the results for the friction and wear tests were acquired from the av-
erage of three readings. To investigate wear mechanism of the coat-
ings, the morphology and elemental analysis of worn surfaces were
examined by High resolution FESEM equipped with energy disper-
sive spectroscopy (EDS).
3. Results and discussion

3.1. Coatings microstructure and properties

The characteristics of WC–12Co, WC–17Co and Ni–P modified
WC–12Co coatings are summarized in Table 4.

According to the data given in Table 4, the Ni–P modified coating
shows an extremely low porosity percentage of ~0.3%, while higher po-
rosity levels of 1.6 and 1.3% were measured in the case of conventional
WC–12Co andWC–17Co coatings, deposited under the same spray con-
ditions. This suggests that a denser coating with improved inter-splat
cohesion can be obtained using Ni–P coated WC–12Co as feedstock
powder.
Table 4
Comparison between the characteristics of WC–12Co, WC–17Co and Ni–P modifiedWC–12Co

Coating Porosity (%) Thickness (μm) Ra (

WC–12Co 1.6 ± 0.5 417 ± 25 5.6
WC–17Co 1.3 ± 0.6 432 ± 33 5.4
Ni–P modifiedWC–12Co 0.3 ± 0.1 420 ± 15 5.1

Please cite this article as: M. Jafari, et al., Surf. Coat. Technol. (2013), http:
Fig. 2 demonstrates the XRD patterns of WC–12Co, WC–17Co and
Ni–P coated WC–12Co powders and the corresponding coatings.

The XRD patterns of WC–12Co and WC–17Co powders show that
they contain WC and Co phases. Similarly, the peaks corresponding
to WC and Ni (Co) phases can be observed on XRD spectrum of Ni–P
coated WC–12Co powder. The XRD pattern of WC–12Co coating con-
firms the presence of W2C and η (Co6W6C) phases, while no free cobalt
peak was detected suggesting that cobalt has reacted with carbon and
tungsten to form η (Co6W6C) phase. The W2C peaks are also observed
on the XRD pattern ofWC–17Co coating. Therefore, it can be concluded
that theWCphase is significantly decomposed and decarburized during
HVOF process of conventional WC–12Co and WC–17Co coatings. The
XRD pattern of Ni–P modified coating, however, reveals WC and Ni
(Co) peaks as the main constituents along with a very small W2C peak;
furthermore, no η phase is observed on the XRD pattern. This phase
composition proves that negligible WC decarburization has occurred in
coatings.

μm) Micro-hardness (Hv) E (GPa) KIC (MPa m1/2)

± 0.6 1120 ± 54 300 ± 1.7 5.76 ± 1.24
± 0.5 1080 ± 42 298 ± 2.0 6.12 ± 1.48
± 0.3 1168 ± 19 302 ± 1.3 9.86 ± 0.70

//dx.doi.org/10.1016/j.surfcoat.2013.07.059
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Fig. 3. BSE images of WC–12Co (a–c) and Ni–P modified (d–f) coatings microstructure at different magnifications.
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the case of Ni–P modified coating during HVOF process. A quantitative
analysis on the extent ofWC decarburization of the coatings is presented
in the previous study [30]. Comparing the carbon content of initial
powders and resultant coatings verified insignificant decarburization
level of 2.6% in the case of Ni–P modified WC–12Co coating, while sub-
stantially higher decarburization values of 16.3 and 17.6% were found
for conventional WC–12Co and WC–17Co coatings, respectively [30].

The back-scattered electron (BSE) images from microstructure of
WC–12Co and Ni–P modified coatings are illustrated in Fig. 3.

As shown in Fig. 3 (a–c), the evidences ofWC decarburization can
be observed in some regions of WC–12Co coating microstructure.
Please cite this article as: M. Jafari, et al., Surf. Coat. Technol. (2013), http:
These regions are characterized by brighter contrast, representing
the tungsten-rich cobalt matrix, in which carbide particles with
rounded morphology are located. As well, some carbides are
surrounded by an irregular bright fringe which is identified as W2C
phase [19,33]. Similar microstructure was observed for WC–17Co
coating.

In contrast, the BSE images of Ni–P modified WC–12Co coating
reveal more homogenous microstructure in which blocky WC parti-
cles are distributed within the dark matrix (Fig. 3d–f). This feature
can also be observed in the case of very small carbide particles
(Fig. 3f), which arewell-known to bemore susceptible to decarburization
//dx.doi.org/10.1016/j.surfcoat.2013.07.059
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Fig. 4. Sliding wear rates of WC–12Co, WC–17Co and Ni–P modifiedWC–12Co coatings.
Fig. 5. Plot of friction coefficient versus sliding distance for (1) WC–12Co, (2) WC–17Co
and (3) Ni–P modifiedWC–12Co coatings.
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[34–37]. Therefore, the Ni–P modifiedWC–12Co coating experienced no
significant decarburization during HVOF in agreement with the XRD re-
sults. It is suggested that the Ni–P outer layer melts during HVOF process
and absorbs latent heat of fusion, decreasing the heating degree of inner
WC–Co particles. This causes less WC dissolution into the cobalt matrix
and consequently lower degree of decarburization. Moreover, the Ni–P
layer around theWC–12Co powders reduces theWC exposure to oxidiz-
ing flame, preventing direct WC oxidation and thereby W2C formation
during HVOF process.

Mechanical properties of the coatings are summarized in Table 4.
The Ni–P modified coating shows the hardness of ~1168 Hv, indicat-
ing higher value compared to the conventional WC–12Co and WC–
17Co coatings with hardness of 1120 and 1080 Hv, respectively. The
higher hardness of Ni–P modified coating can be explained by its
low porosity, high inter-splat cohesion and high WC retention with-
in the coating microstructure [34,38]. The indentation fracture
toughness calculated for the coatings reveals a maximum value of
9.86 MPa m1/2 for Ni–P modified coating, indicating 71.2 and 61.1%
increase with respect to the WC–12Co and WC–17Co coatings.
3.2. Sliding wear behavior

Thewear rates ofWC–12Co,WC–17Co andNi–PmodifiedWC–12Co
coatings worn under a constant load of 30 N are shown in Fig. 4.

Thewear rates ofWC–12Co andWC–17Co coatingswere 10.1 × 10−4

and 11.5 × 10−4 mg/m, while the Ni–P modified coating exhibits signif-
icantly lower wear rate of ~3.2 × 10−4 mg/m. This represents approxi-
mately 68 and 72% improvement in wear resistance in comparison with
the conventional WC–12Co and WC–17Co coatings, respectively. Fig. 5
demonstrates the variation of friction coefficient as a function of sliding
distance for the coatings.

The friction coefficient of WC–12Co coating shows an initial in-
crease to a value of 0.7 due to the static friction force [39]. This is
followed by a continuous decrease to a wide region in which the
friction coefficient varies in the range of ~0.5–0.6 with significant
oscillations. The friction coefficient of WC–17Co coating varies in
a relatively similar manner to the WC–12Co coating but indicates
slightly lower variation range of ~0.45–0.55. On the other hand,
the Ni–P modifiedWC–12Co coating exhibits the lowest friction co-
efficient of ~0.4 with negligible fluctuations compared to the con-
ventional coatings tested under the same conditions.

To evaluate the abovementioned friction and wear behavior, the
worn surface of the coatings was examined by SEM-EDS. Fig. 6
shows SEM images from worn surface of WC–12Co coating at differ-
ent magnifications.
Please cite this article as: M. Jafari, et al., Surf. Coat. Technol. (2013), http:
Fig. 6a shows the evidences of severe cracking, delamination and
pitting in the worn surface of WC–12Co coating which result in the
large amounts of material loss from the wear track and therefore high
wear rate (see Fig. 4). Higher magnification image (Fig. 6b) proves the
extensive sub-surface cracking, with cracks propagating parallel to the
worn surface. Besides, a shallow ploughing mode of wear can be
observed as evidenced by the slim grooves on the worn surface. The
BSE image from worn surface of WC–12Co coating (Fig. 6c) reveals
that a tribo-reaction layer with a relatively dark contrast has been
formed on the wear track during wear test. The EDS analysis (Fig. 6d)
verifies the presence of tungsten, cobalt, aluminum, carbon and oxygen
in the composition of the tribo-reaction layer, indicating that this layer
is formed by mixing the materials removed from the cermet coating
and alumina ball. It seems that the alternating formation and delamina-
tion of the tribo-reaction layer occurred during wear test, changes the
load applying on the sample by changing the area of surface contact
between the sample and alumina ball [40]. This causes significant
oscillations observed in the friction coefficient profile of conventional
WC–12Co coating, as shown in Fig. 5.

The SEM images fromworn surface ofWC–17Co coating are shown in
Fig. 7.

It is observed that significant loss ofmaterials from thewear track of
WC–17Co coating has occurred due to the severe delamination and
pitting during wear test, signifying almost similar wear mechanism to
WC–12Co coating.

In general, during the sliding wear test, the cermet coatings are ex-
posed to repeated compressive and tensile loadings due to the rotation
of alumina ball. This can result in the crack initiation in the sub-surface
where the maximum shear stress exists [28,41,42]. In the case of
conventional coatings, whichhave undergone greater levels of decarbu-
rization, the cracks propagate mainly along the brittle regions of micro-
structure such as W2C and tungsten-rich binder phases [21,28,43],
leading to the formation of a network of sub-surface cracks. As the
time progresses, large-scale materials removal occurs from discrete
areas of wear track. Therefore, one can conclude that sub-surface crack-
ing induced delamination is the predominant wear mechanism for the
conventional WC–12Co and WC–17Co coatings.

The SEM images from worn surface of Ni–P modified coating are
shown in Fig. 8.

The wear track of Ni–P modified WC–12Co coating exhibits a
relatively smooth surface in which no significant evidence of sub-
surface cracking can be observed. This may arise from the higher
fracture toughness obtained for Ni–P modified coating which causes
higher resistance against crack propagation in comparison with the
conventional coatings. As discussed previously, high level of retained
//dx.doi.org/10.1016/j.surfcoat.2013.07.059
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Fig. 6. (a,b) SEM images fromworn surface of WC–12Co coating at different magnifications, (c) BSE image fromworn surface of WC–12Co coating and (d) EDS analysis fromwear track.
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WC particles within the Ni (Co) matrix was obtained in the micro-
structure of Ni–P modified coating. During sliding wear test, the
soft and ductile Ni (Co) matrix, which is more prone to plastic defor-
mation, forms a thin layer at sliding interface in which the carbides
are embedded with relatively strong bonding (see Fig. 8b); there-
fore, carbide particles are supported by metallic matrix to perform
their wear resistance function against alumina ball, resulting in the
substantial decrease in the sliding wear rate, as shown in Fig. 4. In ad-
dition, presence of the Ni (Co) layer containing WC particles on the
wear the wear track effectively reduces the actual area of surface
contact between the coating and alumina counterface by acting as a
Fig. 7. (a,b) SEM images from worn surface of W

Please cite this article as: M. Jafari, et al., Surf. Coat. Technol. (2013), http:
lubricant [17], causing the lower friction coefficient with insignifi-
cant oscillation. This is also confirmed by EDS analysis that shows ex-
tremely low Al content in the worn surface of Ni–P modified coating,
denoting small amount of materials transfer from alumina ball to the
wear track.

As the test continues, some parts of the Ni (Co)matrix are abraded by
the compressive stress of alumina ball. This is followed by loss of carbide
particles from the areas where the support of the metallic matrix is not
present. Therefore, wear mechanism of Ni–P modified coating can be
characterized by individualWCparticles pull-out following the extrusion
of metallic matrix. This wear mechanism is also proposed by other
C–12Co coating at different magnifications.

//dx.doi.org/10.1016/j.surfcoat.2013.07.059
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Fig. 8. (a,b) SEM images fromworn surface of Ni–Pmodified coating at differentmagnifications, (c) BSE image fromworn surface of Ni–PmodifiedWC–12Co coating and (d) EDS analysis
from wear track.
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researchers in the case of sintered WC–Co hardmetal [43] and WC–Co
based thermal spray coatings with low decarburization level [15,17,44],
which have suffered from less damage during wear experiment.

Finally, it can be concluded that significantly improved tribological
performance in terms of sliding friction and wear behavior can be
obtained for WC–Co coatings by utilizing electroless Ni–P coated WC–
Co powders as HVOF feedstock material.
4. Conclusions

This research was aimed at evaluating the sliding friction and wear
behavior of a novel WC–Co coating deposited from electroless Ni–P
coated WC–12Co powders. The following conclusions are drawn:

– The Ni–P modified WC–12Co coating showed extremely lower de-
carburization level, higher hardness and fracture toughness in com-
parison with the conventional WC–12Co and WC–17Co coatings.

– The wear rate of Ni–P modified coating was ~3.2 × 10−4 mg/m in-
dicating approximately 68 and 72% improvement inwear resistance,
with respect to the conventional WC–12Co and WC–17Co coatings.

– The lowest friction coefficient of ~0.4 with negligible fluctuations
was found in the case of Ni–P modified WC–12Co coating,
representing much lower value than that of WC–12Co and WC–
17Co coatings.

– The dominating wear mechanism for conventional WC–12Co and
WC–17Co coatings was sub-surface cracking induced delamination,
while it was proposed that the Ni (Co) binder phase extrusion
followed by carbide particles pull-out is the predominant wear
mechanism Ni–P modified coating.
Please cite this article as: M. Jafari, et al., Surf. Coat. Technol. (2013), http:
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