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1. Introduction

Metal matrix composite (MMC) coatings and overlays have attracted significant attention from industrial
and scientific communities due to their unique combination of hardness, strength, and toughness [1, 2],
with flexibility towards tailoring metal and reinforcement properties and geometries towards optimized and
improved performance [3]. In MMC coatings and overlays, a wide range of carbide particles have been
used to date to reinforce the matrix, such as SiC [4], TiC [5], and B4C [6]. Among these MMC coatings
and overlays used in different applications, tungsten carbide (WC)-based MMC coatings and overlays are
attractive choices due to their unique combination of hardness and fracture toughness [1]. The combination
of WC with Ni-based alloys effectively improves resistance against wear and abrasive damage [7-9], and is
especially favorable in manufacturing industries [10] and petroleum [11] applications.

Under abrasive wear, material removal mechanisms may change and evolve when probing the response of
single or multiphase materials [12]. For example, these material removal mechanisms include microploughing
[13], microcutting [14], microcracking [15], and microfatigue [16]. In single scratch loading, the abrasive wear
mechanism is strongly related to angularity of the abrasive particle [17], as well as other intrinsic and ex-
ternal factors, such as temperature, normal load and velocity, microstructure, volume fraction, morphology,
and particle size [18-23]. In the study by Varga et al., [19], the dominant material removal mechanism of
a Ni-based material with a carbide network was observed to change with changing the loads and tempera-
ture. In another study by Parsazadeh et al., [21], the material removal mechanism is likely to change from
microploughing to microcutting with increasing volume fraction of the reinforcing particles at high loads.
Finally, it is also known that the wear rate varies significantly with changes of abrasive size and shape; how-
ever, the relationship between the predominant wear mechanism and the size and shape of the abrasive body
is not necessarily straightforward [24]. In this study, we seek to unravel the effects of reinforcing particle
volume fraction and load on the abrasive response of nickel-based composite coatings, which could also be
applied to reasonably thick overlays.

In the literature, numerical modelling has been used to better understand the impact of different param-
eters on the material removal mechanisms and wear rate. The stress distribution in fine-carbide grain size
coatings [23] and the effects of carbide size and mean free path on composite deformation [25] were evaluated
previously with two-dimensional numerical models. For example, a two-dimensional numerical model was
developed by Hu et al., [26] to evaluate the effects of the size and volume fraction of WC particles on scratch
resistance in WC-Ni composites. The same authors [27] developed a two-dimensional numerical model to
analyze the effect of various parameters on material removal, such as WC particle shape, distribution of
reinforcement, and their interaction on the material removal. In their study, Melendez et al., [1] used an
empirical model to predict wear rate, but was unable to properly predict wear rates without introducing

experimental data. Parsazadeh et al., [21] developed Johnson-Cook and Johnson-Holmquist models to pre-
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dict the mechanical behavior of Ni and WC phases, respectively, but not the interplay of changing material
removal mechanisms on predictive modelling of the wear rate of Ni-reinforced composites.

In the literature, the effect of increasing the number of loading cycles has also been explored. For example,
Kato [28] experimentally evaluated the abrasive wear and competition of material removal mechanisms
in steel at 10 sliding cycles and found that if the sliding is repeated on the same groove, the dominant
material removal mechanism changes with increasing number of cycles at large loads (e.g., > 0.7 N), while
microploughing was the only material removal mechanism in all cycles at low loads (e.g., 0.07 N). In a
similar study, Kitsunai et al., [29] studied the material removal mechanisms during low-cycle fatigue of SUS
304 stainless steel using a scanning electron microscope tribosystem and reported that the changes in the
material removal mechanisms are sensitive to the normal load and penetration depth. In a separate study by
Mezlini et al., [30], the wear resistance of 5xxx aluminium alloys concluded that changes in dominant failure
mechanisms are strongly related to the indenter geometry and behaviour of the material in the early sliding
cycles. Despite some advances in experimental approaches used to evaluate abrasive wear under cyclic loading
[28, 29], no numerical model has been developed to date to evaluate the material removal mechanisms under
cyclic sliding wear. This will be addressed in this study, where efforts will be made to better understand
interaction in mechanisms activated during cyclic sliding wear in MMC coatings. Specifically, in this article,
the effect of normal load and reinforcing particle volume fraction on the abrasive wear resistance of tungsten-
carbide nickel (WC-Ni) composite coatings under sub-critical cyclic loading was computationally analyzed
for the first time in the literature. The results of this study could also be applied to reasonably thick WC-Ni
composite overlays. Following validation with experimental cyclical abrasive data from the literature [31], the
model was then evaluated for different load and particle concentration to explore their effect on wear removal
mechanisms. Following this, a wear mode diagram was developed to map the dominant material removal
mechanism at each cycle at different loads. Using the numerical data, a statistical model was developed to

predict the wear rate based on the volume fraction of the reinforcement particles and load.

2. Model and theory

2.1. Physical model

To evaluate the effects of reinforcing particle volume fraction and load on the material removal mechanisms
during abrasive wear in nickel-tungsten carbide coating, a three-dimensional model for cyclic sliding wear
was developed. The abrasive particle size was selected as 140 ym based on previous studies [32], and the
geometry dimensions of the simulation were selected 1x0.6x0.25 mm? (Fig. 1, discussed in next section).
The geometry size was selected based on the guidelines introduced by Bucaille et al.,[33] and Tabor [34],
who discussed that the geometry thickness must be four times greater than the scratch depth, and also the

geometry width must be ten times greater than the scratch width. The matrix and the reinforcing particles



OCoO~NOUTAWNE

70

75

80

were considered as nickel (Ni) and tungsten carbide (WC), respectively due to the unique combination of
hardness and fracture toughness [21]. To evaluate the effect of the reinforcing particles volume fraction and
applied load on the dominant material removal mechanism and wear rate, three different volume fractions
(¢ = 10 vol.%, 30 vol.%, and 50 vol.%) and three different loads (P = 100 mN, 300 mN, and 500 mN) were
chosen. The reinforcing particles size was considered as 60 pm, which was motivated by experiments [1]. To
evaluate the wear rate mechanisms and abrasive wear under subcritical cyclic loading, the loading range was

chosen based on the experimental data of Kato [28] and Kitsunai et al., [29].

I' Load (mN)

| mm

0.25 mm

Figure 1: Schematic diagram of (a) the abrasive particle and the composite coating, (b) the Ni matrix, and (c) WC particles

contained with the matrix material.

2.2. Finite element modelling

Abaqus software was used to develop a finite element model, describing the single particle abrasion
process. The 140 um diameter abrasive particle was considered as rigid, and it was used to apply a load at
the center of the simulation geometry (Fig. la ). A surface-to-surface contact [35] was considered between
the abrasive particle and both matrix (Fig. 1b) and reinforcing particles (Fig. 1c). The interaction of
the matrix and reinforcing particles was defined by a general contact algorithm, which has been used by
other authors [21, 36]. Perfect bonding was assumed between the reinforcing particles and the matrix with
consideration of the metallurgical bonding observed in the plasma-transferred arc (PTA) fabrication method

[37] that is used to fabricate the coatings in the real-world application of the results from the current study.
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The abrasive particle was considered under a normal load pushing the particle toward the substrate in the
y-direction, while the abrasive particle moves along the z-direction with a speed of 100 mm/s based on Gao
et al., [38] and Guo et al., [39] studies. A mesh independency study was conducted, and a minimum of 50,000
elements was chosen in this study to keep the results independent of the number of elements. The bottom
surface of the substrate was constrained in all directions. Each cycle of the sliding simulation was completed
in four steps. In the first step, a contact was established between the abrasive particle and the substrate
by gradually increasing the normal load until the load reached its maximum at the end of the step. In the
second step, the abrasive particles moved along the z- direction with a constant velocity. In the third step,
the particle moved backward with the same speed and load as step 2 until it reached its origin point. In
the last step, the abrasive particle was unloaded by gradually lifting it up. This procedure was repeated for
ten cycles to evaluate the effect of the number of cycles on the material removal mechanisms. The effect of
the number of cycle on the material removal was also evaluated for ten cycles in the experiments performed
by Kitsunai et al.,[29] on SUS 304 stainless steel and by Kato et al., [28] on steel. Abaqus Explicit was
used to simulate the plastic deformation and material removal of the WC-Ni coating. The element type
chosen to mesh the substrate was a ten-node quadratic tetrahedron (C3D10 in ABAQUS FEA notation),
while the abrasive particle was meshed using 3-node 3-D rigid triangular facets (R3D3 in ABAQUS FEA
notation). These types of mesh were also used by Rolland et al., [40] and Pal et al., [41]. To perform high-
powered parallel computing and reduce the computation time, Compute Canada clusters were employed and

paralleled, with a typical run time of 40 h per simulation on two nodes.

2.3. Constitutive models

To model plastic and damage behaviour of the Ni matrix during abrasive loading, the Johnson-Cook
(J-C) constitutive equation [42] was used. In the J-C model, the relationship between von Mises flow stress

Oeq, yield stress, hardening, and temperature softening is expressed as:

vl T-T
o = [A+ BEYN[1 EN = (= 2red M 1
Oeq = [A+ B[ +Om(ggl)][ (Tme”—Tmf) ] (1)

where A is the yield strength, B is the strain-hardening modulus, éis the equivalent plastic strain, C' is
the strain rate hardening coefficient, €’!is the equivalent plastic strain rate, égl is the reference strain rate,
T is the temperature at the operating condition, T}y is the reference temperature, Tie; is the melting
temperature, and N and M are the strain hardening exponent and softening exponent, respectively.

Based on the equivalent plastic strain Ae?!, a damage parameter (D) is defined in the J-C damage model

as:

AeP!
p=3 % @)
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where el;l is equivalent plastic strain at failure, which is defined as:
Om épl T - Tre
e = [Dy + Daeap(Ds(="))][1 + Daln( ;)1 + Ds(7———)] (3)
Oeq € Tnett — T'r'ef

where Dq to D5 are material constants and o, is the mean stress.

To simulate the response of WC particles during deformation, the Johnson-Holmquist (JH-2) constitutive
model was employed [43]. In this model, the strength of the material is related to pressure, strain rate, and
damage accumulation. Initially, elastic deformation is considered in the material, and the stress-state is
described based on the elastic material properties and equation of state. Based on the material deformation,

the relationship between pressure on the material density is expressed as:

P =K+ Kop? + Kgpi® if p>0 (4)

P=FKpif p<0 (5)

where u = p/pg, p is the material density, pg is the reference density, and Ky, K2, and K3 are constants.
In the Johnson-Holmquist model, an increment in damage causes material bulking, and this means that

fractured material occupies larger volume when compared to the intact condition, which leads to an increase

in local pressure in a constrained material. The bulking pressure is zero at the initial step for an undamaged

material, and the bulking pressure is calculated at the next time step as [44, 45]:

APiyar = —Kipuyar + [(Kipusae + AP)? + 28K AU, (6)

where § is the fraction of elastic energy loss converted to potential hydrostatic energy and AU is the energy

loss due to increased bulking pressure, which is defined as [46):
AU =U(D) = U(Dn+1) (7)

where U(D) = 7, and G is the elastic shear modulus.

In the JH-2 model, damage accumulates progressively with plastic deformation under loading. To track
the damage accumulation, a damage parameter, varying from 0 to 1 is employed. The overall material
strength degradation is also based on this damage parameter. The strength of the material is defined in

terms of the normalized von Mises equivalent stress as [45]:
0" =o0; — D(o] —0}), (8)

where D is the damage parameter, and o7 and o} are the normalized intact and fractured equivalent stresses,
respectively. The normalized equivalent stresses have the general form of 0* = /oy gr. In this definition,

o is the von Mises equivalent stress and oy, is the equivalent stress at the Hugoniot elastic limit (HEL).
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In the JH-2 model, the evolution of the damage is similar to those in the J-C model described in Eq. (2).

However, the fracture strain definition is given as the following in the JH-2 model:
epl; = Dy (P* +T%)", (9)

where Dy and D5 are damage constants, which describe the relationship between fracture strain, normalized
pressure, and normalized maximum tensile hydrostatic pressure for a particular material.

In the JH-2 model, the normalized intact stress is defined as a function of pressure and strain rate as:
of = A(P* + T*)N (1 + Clné*) (10)

where A and C are material constants, and 7™ is the normalized maximum tensile hydrostatic pressure.

Similarly, the fractured stress is defined as:
o; = B(P*)M(1 + Clne*), (11)
where B, M, and N are material constants, P* is the normalized pressure, which is expressed as:
P* = P/Pygy (12)

and T™ is expressed as:

T* =T/Pugsr, (13)

where Py is the pressure at the HEL and T is the maximum tensile pressure that a material can withstand.
HEL experimental data is needed to determine Pyg; and oggr. The HEL represents the point at which
the shock wave exceeds the elastic limit of the material and is presented as a one-dimensional shock wave
[45]. The HEL is defined as:

HEL:PHEL+§JHEL. (14)

Eq. (14) is used to find the values of Py gy and oy gy, using a procedure described in many studies where the
JH-2 model was implemented [44, 45, 47]. Correspondingly, the volumetric strain at the HEL is calculated
as [45]:

UHEL

4
HEL = Kipppr + Kopdypr, + Kspiyypr, + G ————. (15)
3 1+ puper

The material parameters used in the J-C and JH-2 models are listed in Table 1 for Ni and WC. The Ni
properties were obtained from Ghelichi et al., [48], and WC properties given by Moxnes et al.,[49] and
Holmquist et al.,[50] were used in this study.
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Table 1: Properties and constants used in J-C and JH-2 constitutive models for Ni and WC.

Material properties Ni [48] WC
A 163 [MPa]  0.9899 [49]
B 648 [MPa]  0.67 [49]
C 0.06 0
E 200 [GPa) N/A
M 144 0.0322 [49]
N 033 0.0322 [49]
ér 1 1
po [keg/m?] 8900 14560
v 0.31 N/A
Dy 0.54 0.005[49]
Dy 4.89 1 [49]
Ds 3.03 N/A
Dy 0.014 N/A
Ds 1.12 N/A
G [GPa] N/A 219 [49]
HEL [GPa] N/A  6.566 [49]
IDamage N/A 0
K, [GPa] N/A 362 [50]
K» [GPa N/A 694 [50]
K3 [GPa] N/A 0 [50]

3. Results and discussion

To validate the FE model developed in this study with experimental data, the results of this study were
first compared with experimental WC-Ni scratch test results of Alzouma et al., [51]. The displacement
contour of the current numerical model is shown in Fig. 2(a). Based on the materials used in the Alzouma
et al., [51] study, a volume fraction of 6.8 vol.%, abrasive particle size of 400 pm, and normal load of 15
N were chosen. As the microstructure of the composite coating studied by the Alzouma et al., [51] could
have spatially varying microstructure and results, three scratch profiles (noted in Fig 2.a) were extracted at
different locations from the current study and compared with the scratch profile obtained by Alzouma et al.,

[61]. The position in the x-direction is divided by the width of the sample to obtain the dimensionless wear
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width for easier comparison, as shown in Fig. 2 (b). The scratch profile obtained from the FE model can
reasonably predict the scratch profile obtained experimentally. A slight difference between the current scratch
profiles and those obtained experimentally could be attributed to the small differences in the distribution
and size range of the WC particles, which were not explicitly reported by Alzouma et al., [51] but assumed
here based on micrograph images from their study, Additional differences may arise from the chosen location
of the profile measurement, which were not explicitly detailed in the Alzouma et al., [51] study.

To further validate the current FE model with experimental data, an FE model, simulating the multi-
cycle abrasive wear of WC-Ni composite coatings was developed using the operating conditions reported by
Alidokht et al., [31]. To account for slightly unknown values of volume fraction, particle size, and exact
load settings in the study by Alidokht et al., [31], these values were allowed to vary in the simulation by +
30%. The simulation results for the wear rates obtained after 10 cycles and compared with the experimental
results [31] are shown in Fig. 2 (c¢). The lower bound represents ¢ = 7 vol.%, the middle cross represents
the average, and the lower cross represents ¢ = 13 vol.%. The wear rate range obtained using the current

FE model can predict the experimental data by Alidokht et al., [31] with average deviation of 17%.
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Figure 2: (a) Profile locations in the WC-Ni coating used for the numerical and experimental comparisons, (b) comparison of

scratch profiles of WC-Ni coating from the present model and the experimental data from Alzouma et al., [51], and (c) the
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Alidokht et al., (2016)

wear rate comparison of the current study with the Alidokhot et al.,[31] experimental study.
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3.1. Simulation of residual stress and displacement

Next, we explore the spatial distribution of deformation in the material by investigating the spatial
distribution of deformation in the material and displacement, the contours of stress and displacement were
presented. To evaluate the stress distribution in each MMC coating, von Mises stress contours were used
as a parameter describing the plastic flow and fracture, which are the basic causes of the formation of wear
asperities [52]. The contours of the residual stress are shown in Fig. 3 for the composite coating with ¢ = 10
vol.% and ¢ = 50 vol.% at loads of 100 mN and 500 mN to probe extrema cases of the stress distribution in
the substrate after the first cycle, as well as to observe how material removal mechanisms change and evolve
as a function of these internal and external parameters and number of cycles. To better compare results
across different cases in the plot, the upper limit of the stress range on Fig. 3 was fixed. In the first cycle,
no significant material deformation was observed in the cases shown in Fig. 3, and the stress was distributed
more uniformly in the case with higher reinforcing particles volume fraction, likely due to a smaller mean
free path [53]. Smaller mean free path allows for load sharing across the reinforcing particle phase, which
then leads to a more homogeneous distribution of the stress. Also, the stress was mainly concentrated at the
interface of the particles and matrix for all of the cases, particularly the ones experiencing higher load, which
makes these locations the first to fail [54]. From the literature, this stress concentration at the interface of
the particles and matrix has been attributed to the mismatch in the mechanical properties of the matrix and
the reinforcing particles [25], and this mismatch in the properties promotes locations for fracture initiation
and material removal [21].

Next, the contours of the residual stress are shown at Fig. 4 after 10 cycles. The material has the
same particle concentrations and loads as Fig. 3. As expected, the residual stress accumulated more with
increasing the number of cycles. No particle removal was observed when the load was 100 mN as shown in
Fig. 4 (a, b). At a load of 500 mN, the stress was mainly stored in the form of microfatigue and led to less
material deformation with higher particles volume fraction, as shown in Fig. 4 (c, d).

Finally, the displacement contours of the WC-Ni composite coating with ¢ = 10 vol.% and a load of 500
mN are depicted after cycle 5 in Fig. 5 (a) and after cycle 6 in Fig. 5 (b). The displacement contours were
selected for this particular particle volume fraction to analyze the wear rate fluctuations observed for the
case with ¢ = 10 vol.% and for this particular load, as very small particle removal occurred at lower loads.
In the 500mN case, the load on the abrasive particle caused the material to plastically deform with no visible
particle cracking until cycle 5, as shown in Fig. 5 (a). At cycle 6 (Fig. 5b), the WC reinforcing particles
begin to be removed due to the influence of microfatigue on the WC particles. This material deformation
behavior and WC particles removal for low cycle abrasion was also observed in the experimental study by

Bonny et al., [55].

12
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Figure 3: Residual stress (MPa) shown using von Mises contours after the first cycle for: (a) ¢ = 10 vol.% and P = 100 mN,
(b) $=50 vol.% and P = 100 mN, and (c) ¢ = 10 vol.% and P = 500 mN (d) ¢ = 50 vol.% and P = 500 mN.
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Figure 4: Residual stress (MPa) shown using von Mises contours after the 10t" cycle for: (a) ¢ = 10 vol.% and P = 100 mN,
(b) ¢ =50 vol.% and P = 100 mN, (c) ¢ = 10 vol.% and P = 500 mN, and (d) ¢ = 50 vol.% and P = 500 mN.
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(b) 6, indicting the initiation of particles cracking.
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Figure 5: Displacement (mm) contours of WC-Ni composite coating for ¢ = 10 vol.% and P = 500 mN after cycles of (a) 5 and
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3.2. Wear rate analysis

We now explore the effect of WC particles volume fraction and load on the resulting wear rate of the
material. The wear rate (W) was determined by dividing the volume loss, AV, by the applied load and the

sliding distance (s) as [1]:
AV

W:P~s

(16)

The wear rate was then determined for each cycle at different loads (P = 100 to 500 mN) and particle
volume fraction combinations, as shown in Fig. 6. Regardless of the reinforcing particle volume fraction,
the wear rate increased with increasing the load from 100 mN (Fig. 6a) to 300 mN (Fig. 6b), and then
to 500 mN (Fig. 6¢). At a load of 100 mN, microploughing was the only mechanism of material removal
at all cycles, and no reinforcing particles were removed. With increasing the number of cycles, the wear
rate of the composite with ¢ = 10% diverged when compared to the composite coating with higher particles
volume fractions, as shown in Fig. 6 (a). As noted by the authors in Parsazadeh et al.,[21], this could be
due to the possible increase in hardness with a trade-off in toughness, smaller mean free path, and better
stress distribution of the composite coating with higher particles volume fractions. For the case of 300 mN,
the wear rate decreased with increasing particle volume fraction, as shown in Fig. 6 (b). At a load of 500
mN and ¢ = 10 vol. %, the wear rate slightly fluctuated, as shown in Fig. 6 (c¢). These fluctuations could
have two origins: One, competition of microfatigue with microploughing after the 5 cycle. After additional
cycles, the damage parameter in some elements approached 1, which results in no removal of particles and an
associated lower wear rate. In the next cycle, those elements with damage close to one begin to be removed,
which results in an increase in wear rate. Two, there is a dependency of the wear rate to the path that the
abrasive particle has travelled. As the mean free path between the particles is larger at ¢ = 10 vol. %, the
wear rate could be dependent on the number of reinforcing particles that interact with the abrasive particle.
The wear rate obtained with higher particles volume fraction was determined to be lower than that of the
composite coating with 10 vol. % reinforcing particle, which has been attributed to a lower mean free path
[1].

To better understand the wear rate changes at each cycle, the WC particles volume loss was determined
at each cycle for all of the cases (¢= 10, 30, and 50 vol.%) experiencing loads of 300 mN and 500 mN as
shown in Fig. 7. At a load of 300 mN, the WC particles began to be removed after 8 cycles, as shown in
Fig. 7 (a), which indicates that fatigue in the reinforcing particles is becoming dominant. As a result of
particles being removed, the wear rate increased in all cases when particles are removed (see Fig. 6b). At
a load of 500 mN, the lowest wear rate was obtained with 30 vol.% WC particles (see Fig. 6¢). For ¢= 50
vol.% in Fig. 7 (b), the stress concentration increases, and consequently, the particle removal increases at
the interface, leading to higher material removal and wear rate.

To summarize the wear mechanisms for each cycle observed during sliding wear of WC-Ni composite
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coating with volume fractions of 10 vol.% and 50 vol. %, a wear mechanism map was created and this
was shown in Fig. 8. A particle volume concentration of 30 vol.% was not chosen because of the limited
sensitivity of the change in mechanisms over the studied parameter range. Here, Fig 8(a) and (b) show
dominant material removal mechanisms at ¢ = 10 vol. % and ¢ = 50 vol. %, respectively. The color
of the points in the figure are chosen to denote whether microploughing or microfatigue is the dominant
mechanism. From Fig. 8, we can observe that the wear mechanisms changes with increasing the number
of cycles and load. In addition, increasing the reinforcing particles volume fraction results in delaying the
onset of microfatigue to appear at later cycles when compared to the composite coating with 10 vol.% of
reinforcing particles. This could be a reason for higher wear resistance of the material with WC volume
fraction of 50 vol.% than the volume fraction of 10 vol.%. At lower loads, the microploughing was the only
mechanism of material removal at each cycle, which was also reported by Kitsunai et al., [29]. The role of
microfatigue was observed in the present study dominant at higher loads. It can be concluded that the wear
rate decreased with the addition of reinforcing particles, which has also been observed in an experimental
study by Melendez et al., [1]. In the Melendez et al., [1], this was due to reduction in the mean free path
between the agglomerated WC-based reinforcing particles [1], an increase in the hardness of the coating [27],

enhanced resistance to plastic flow of Ni matrix, which was also observed by Alidokht et al.,[31].
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Figure 6: Wear rate (mm?/N- m) across 10, 30, and 50 vol. % for: (a) P = 100 mN, (b) P = 300 mN (c) P = 500 mN.
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3.8. Prediction and correlation development of abrasive wear

A curve fitting approach, which was employed elsewhere [56, 57], was used to correlate independent
variables (¢ and P) with the response (WW). To develop this correlation, MATLAB software was implemented.
After checking different functional forms, the polynomial functional form was selected for this equation due
to its accuracy in predicting the response (R?=0.93). The correlation obtained using this approach can be
described as:

W = —0.0004438 4 0.0001885 x 10~ P°3 — 0.0001267 x 10~ ¢¢4"-2 (17)

Note the correlation is valid in the upper and lower limits of the variables used in this study. A graphical
visualization of the correlation developed in Eq. (18) to predict the wear rate is illustrated in Fig. 9. Here,
it was found that the relationship between the wear rate, load, and WC volume fraction is not linear, which
indicates the role of different mechanisms and high nonlinearity of the problem, which was also reported
elsewhere [58, 59]. The proposed model shows that the role of load is more significant than volume fraction
of reinforcing particles and the role of volume fraction of reinforcing particles is less pronounced at lower
loads than higher loads. While not explicitly studied in a systematic way in the literature, these observations

are consistent with studies by Xia et al., [54] and Idusuyi and Olayinka [60].

/
i

500
30 400
300
20 200

¢ (vol.%) 10 100 Load (mN)

Figure 9: Prediction of wear rate variations at different loads and WC particles volume fractions.
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4. Conclusion

In summary, the present work computationally evaluated the effects of applied load and WC particle
volume concentration on the abrasive wear rate and material removal mechanisms in WC-Ni composite
coatings under subcritical cyclic abrasive loadings. Results indicates that the load was better distributed in
the composite with higher particles volume fraction. As a result, the wear rate was reduced with increasing
the volume fraction of the WC particles when the load was 300 mN and lower. Removal of particles and
earlier domination of microfatigue resulted in lower wear rates for the 30 vol.% of WC at the load of 500 mN,
demonstrating the interplay between the material and loading parameters. The material removal mechanisms
changed with increasing the number of cycles and volume fraction of the WC particle, as has been observed
before in the literature [28]. Specifically, increasing the volume fraction of the reinforcing particles resulted
in the onset of microfatigue for later cycles. This could be a reason for higher wear resistance of the material
with a WC volume fraction of 50 vol.% when compared with the volume fraction of 10 vol.%. To clearly
demonstrate the material removal mechanisms, wear mechanism maps were developed. It was shown that
microploughing was the dominant material removal mechanism at early cycles regardless of the load and
the volume fraction of the reinforcing particles, while microfatigue became more dominant at later cycles
depending on the load and the volume fraction of reinforcing particles. To predict the wear rate of WC-Ni
composite coatings and to better understand the relationship between the wear rate, load, and the volume
fraction of reinforcing particles, a correlation was developed. Altogether, these results help better understand
the relationship between different parameters (i.e., P, ¢, and W) that govern material removal mechanisms

and transitional behaviors under subcritical cyclic loading.
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