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Drs. A. Fischer, M. Papini
Co-Editors-in-Chief, Wear

Re: Manuscript Submission

Dear Drs. Fischer and Papini

We are pleased to submit a research paper entitled “Computational Investigation of the Effect of Microstructure
on the Abrasive Wear Resistance of Tungsten-Carbide Nickel Composite Coatings”. This manuscript highlights our
most recent findings regarding abrasive wear resistance of Tungsten Carbide (WC)-based metal matric composite
(MMC) coatings. To date, limited studies have focused on the effect of the external and intrinsic factors on the wear
resistance of WC-Ni composites and overlays. In experiments, controlling the factors, particularly intrinsic factors,
affecting the scratch resistance is difficult. A few studies have used numerical approaches to unravel the effects of
reinforcing particles on the local scratch and the mechanisms involved in plastic deformation and material removal of
composite coatings. Also, to the best knowledge of the authors, no 3-D numerical simulation has been conducted to
evaluate the effect of WC reinforcing particles on scratch resistance in WC-Ni composites. No model has been
developed to predict the scratch resistance of WC-Ni composite coatings. Thus, this paper aims to: (1) numerically
analyze the effect of both external and intrinsic factors affecting the scratch resistance of WC-Ni composite coatings,
and (2) develop a model to predict the scratch resistance of the composite under study using the a machine-learning
based approach, Artificial Neural Network.

To accomplish this, a finite element (FE) model was developed to simulate the scratch resistance of WC-Ni
composite coatings with consideration for relevant material and damage models needed for scratch simulation. The FE

model was validated with an experimental study published earlier. The effects of WC particles size, volume fraction,
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and load on the scratch resistance of the composite coating were evaluated, and an ANNs model was developed to
predict the scratch resistance of the composite coating, which could be employed to optimize the composite in terms of
the material wear. It is worth-mentioning that this manuscript is the first public report that developed this machine-

learning based model to predict the scratch resistance of WC-Ni composite coating.

If any additional material is needed, please contact me.
Thank you for consideration.

Sincerely,

Mohammad Parsazadeh,
Postdoctoral Fellow
Department of Mechanical Engineering
University of Alberta

, M.Sc., B.Eng.



Highlights

e FE model was developed to analyze the wear loss of WC-Ni composite coating.

e The FE model was used to study the material removal mechanisms.

e Effects of intrinsic and external factors on the wear resistance were analyzed.

e A machine learning-based model, ANN, was developed to predict the worn volume.
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Abstract

Sliding wear was simulated for tungsten carbide-nickel (WC-Ni) composites with different WC
particle sizes and volume fractions under various normal forces. Johnson-Cook and Johnson-
Holmquist models were employed to simulate the mechanical behaviour of the Ni and WC phases,
respectively. Using high-powered parallel computing, a detailed parametric study was conducted
to understand the effects of normal force, WC particle size, WC particle volume fraction, and their
interaction on the worn volume and the material removal mechanisms in WC-Ni metal matrix
composite coating materials. This allowed for investigation of the competition and transition
between microploughing, microcutting, and microfatigue. The results revealed that the stress was
distributed better in the composite coating with higher particle volume fraction and smaller particle
size, which increased the ability of the composite coating to resist deformation and wear. It was
also found that the material removal mechanism changed from microploughing to microcutting

with an increase in particle volume fraction. The worn volume was calculated for different
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combinations of intrinsic (e.g., WC particle size and volume fraction) and external (e.g., normal
force) parameters considered in this study. The data obtained was used to train a machine learning-
based model using artificial neural networks. The trained model was further employed to predict
the worn volume, and the results revealed that a mechanistic modelling approach can predict worn

volume reasonably well.

Keywords: Artificial neural networks (ANNs), Finite element modelling, Johnson-Cook model,
Johnson-Holmquist model, Machine learning, Nickel, Metal matrix composite coating (MMC),

Scratch test, Tungsten carbide, Wear

1. Introduction

The development of advanced coating materials with increased longevity [1] is important in the
petroleum [2], aerospace [3], mining [4], and manufacturing industries [5,6], where high
temperatures [7], corrosion [2], and wear [8] are common. Among types of coating materials used
in these applications (e.g., silicon carbide (SiC) [9], boron carbide (B4C) [10], titanium carbide
(TiC) [11]), tungsten carbide (WC)-based metal matric composite (MMC) coatings and overlays
are suitable choices given their unique combination of hardness and fracture toughness [12]. In
these applications, WC is commonly combined with Ni-based alloys to serve as a metallic binder

to effectively resist against wear damage [12—-14].

The main factors influencing the abrasive wear performance of metal matrix composite coatings
and overlays can be categorized as intrinsic or external factors [15]. Intrinsic factors include
mechanical properties of both reinforcing particles and the matrix and microstructure of the
composite coating and overlay (e.g., volume fraction [12,16], size [16,17], shape, and size

2
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distribution of the reinforcing particles). External factors include the loading condition [18], the
shape and size of the abrasive particles [19, 20], temperature [21], and sliding velocity [22]. In the
literature, models have been developed to describe the wear performance of MMCs [10, 23, 24].
The simplest and most fundamental model that was derived from complex abrasive wear
conditions is the one-cycle interaction of a single abrasive particle and material [17, 18, 25, 26].
Commonly, this interaction is evaluated in a controlled scratch test [27], which is an experiment
used by many researchers to evaluate the mechanical and wear behaviour of different materials
(e.g., polymers [28], ceramics [29], metals [30], metal-matrix composites [9, 29, 30], and coatings
[31, 32]). In this type of experiment, the scratching deformation [34] is a consequence of a
combination of failure processes: 1) microploughing [35], 2) microcutting [36], 3) microfatigue
[37], and 4) microcracking [37]. The competition of these mechanisms is material-dependent [38]
and manifests as measurements of penetration and residual scratch depth [38]. These can be
induced by controlling the normal load, indenter shape, and scratch speed. This study aims to
explore these mechanisms through physics-based modelling of a scratching action of a rigid

indenter with a predefined radius over a WC-Ni composite surface.

Scratch test experiments allow for better understanding of the mechanisms of wear and the effect
of the intrinsic and external factors on the wear performance [39]. For example, ploughing was
found to be dominant in a study conducted by Varga, et al. [40] to evaluate the effects of load and
temperature on scratch mechanisms of austenitic steel, a cast steel with a carbide network, and a
Ni-based material with a carbide network. The adhesion and hardness of electrodeposited Ni
coatings were improved by heat treatment in another study conducted by Ul-Hamid, et al. [41],
and the surface mechanical properties of Ni were evaluated at different progressive loads.

Microscratch test of Ni coatings revealed that cracking and decohesion of Ni coatings do not occur



O©CO~NOOOTA~AWNPE

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

&9

90

at the highest final loads (30 N) that were considered in their study. Also, the deformation
mechanisms were evaluated at different scratch velocities in nanostructured Ni [42] and
nanostructured Ni with bimodal grain size distributions [43] and were found to be different
compared with conventional coarse grain counterparts due to the different strain rate sensitivity of
these materials. The effects of different grades of WC reinforcing particles and volume fraction on
the microstructure and material removal behavior of the WC-Ni composite, for example, were
analyzed by Alzouma et al. [17]. It was found that the composite becomes more wear-resistant
when the reinforcing volume fraction is increased, which results in protection and strengthening
of the matrix. Plastic deformation of the metal matrix was also reduced [17]. The results from these
previous studies will be important in the present investigation on the effects of microstructure,

mechanical properties, and loading conditions on the scratch response of WC-Ni composites.

Studying the effect of microstructure on wear mechanisms is difficult to analyze experimentally
since fully controlling the intrinsic and external factors is challenging. Numerical simulation is an
alternative to evaluate the contribution of individual factors on scratch resistance separately [18].
For example, the effect of the attack angle and load on the wear performance of glass fibre
reinforced polyester composites were evaluated in a numerical study by Mzali, et al. [44].
Consideration was given to the cohesive zone between the fibre and matrix. The results revealed
the significant effect of attack angle on the transition of wear mechanisms during ploughing to
result in composite damage. Also, the effects of the size and volume fraction of WC particles on
scratch resistance in WC-Ni composites were evaluated in a two-dimensional numerical model by
Hu, et al. [45]. They later expanded their initial study [45] to analyze the effect of other parameters
on material removal, such as WC particle shape, distribution of reinforcement, and their interaction

with their volume fraction [46]. Hu, ef al. [46] concluded that the composite material might benefit
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from the increase in hardness at the expense of toughness by increasing the volume fraction of the
reinforcing particles. Among the studies reviewed above, a few of them numerically evaluated the
scratch resistance of the composites; however, no model has been developed to predict the scratch

resistance of WC-Ni composite coatings, as is pursued here.

As an alternative modelling approach to finite element analysis, artificial neural networks (ANNs)
have attracted increasing interest due to the high capability of modelling highly nonlinear and
complex problems [47-51]. To predict wear rates using ANNs, one of the first efforts was
conducted by Jones, et al. [47] based on a limited set of experimental data. ANNs were also
employed to predict the tribological properties of Al7075-Al,O3 composites [48], epoxy
composites [49], rice husk ash reinforce aluminum alloys [50], and also to predict wheel and rail
wear rates [51]. The results of these studies revealed that ANNs could be an appropriate approach

to predict the scratch resistance of composite materials, as is pursued here.

To date, limited studies have focused on the effect of the external and intrinsic factors on the wear
resistance of WC-Ni composites and overlays. In experiments, controlling the factors, particularly
intrinsic factors, affecting the scratch resistance is difficult. A few studies have used numerical
approaches to unravel the effects of reinforcing particles on the local scratch and the mechanisms
involved in plastic deformation and material removal of composite coatings. Also, to the best
knowledge of the authors, no 3-D numerical simulation has been conducted to evaluate the effect
of WC reinforcing particles on scratch resistance in WC-Ni composites. No model has been
developed to predict the scratch resistance of WC-Ni composite coatings. Thus, this paper aims to:
(1) numerically analyze the effect of both external and intrinsic factors affecting the scratch
resistance of WC-Ni composite coatings, which could also be applied to reasonably thick overlays,

and (2) develop a model to predict the scratch resistance of the composite under study using the
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ANNSs approach. To accomplish this, a finite element (FE) model was developed to simulate the
scratch resistance of WC-Ni composite coatings with consideration for relevant material and
damage models needed for scratch simulation in Section 2. In the same section, the FE model was
validated with an experimental study conducted by Ul-Hamid, et al. [52]. The effects of WC

particles size (d,), volume fraction (¢), and load on the scratch resistance of the composite

coating were evaluated in Section 3, and an ANNs model was developed to predict the scratch
resistance of the composite coating, which could be employed to optimize the composite in terms

of the material wear.

2. Model and Theory

2.1. Physical Model

To evaluate the effects of various tribological scratch parameters (load, volume fraction, and
particle size), a 3D model for scratch test simulation was developed. The scratch particle geometry
was modelled on sand sizes observed in the Albertan oil sands, where the size distribution of these
sands shown in Fig. 1 (a) was obtained using ImageJ software. It was found that the diameter of
the sand varies from 55 um to 505 um, and more than 75 % of these sands have a diameter range
between 55 and 205 pm, as shown in Fig. 1 (b). The average sand diameter and the standard
deviation were found to be 140 pm and 78 pm, respectively. This average sand diameter was
chosen as the diameter of the spherical indenter used in simulating scratch testing resistance. To
reduce the computation time, the geometry size was also considered to be 0.40x0.25x0.60 mm’
. This geometry size was chosen according to the criterion introduced by Bucaille, ef al. [53] and

Tabor [54]. In this criterion, 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. With these
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points in mind, the width and depth of the geometry were estimated by considering the scratch

depth and width obtained for Ni in the studies conducted by UI-Hamid, ef al. [52] and Zhu, et al.

[43].
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Fig. 1 (a) SEM images of different Alberta mine site sands (b) Sand size distribution.

The matrix and the reinforcing particles chosen in this study were considered as Ni and WC,
respectively. This material was selected because of its unique combination of hardness and fracture
toughness [12]. To evaluate the effect of the reinforcing particle size to the indenter size ratio on

the material removal, three different WC particle diameters (60 um, 140 um, and 220 um) were

chosen to have the size ratio smaller, equal, and larger than one. These different size ratios help
better understand the different competing mechanisms that may affect material removal due to
different reinforcing particle size to the indenter size. The volume fraction range of the WC
particles was also considered to be 10—50 Vol.%, with an increment of 20 Vol.%. The

arrangement of the WC particles was also depicted for g= 50 Vol.% in Fig. 2 (a), and this range

of reinforcing particles was motivated based on practical considerations and our applications of
interest. A schematic diagram of the indenter and the composite coating is depicted in Fig. 2 (b).
The bottom surface of the substrate was kept motionless, while an indenter carrying a certain load

moved toward the z-direction.
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Fig. 2 The schematic diagram of (a) arrangement of the WC particles in the FE model (¢= 50
Vol.%) (b) the indenter and the composite coating.

2.2. Finite Element Modelling
A finite element (FE) scratch model has been developed using Abaqus software. The model
consists of a spherical rigid indenter and a flat deformable surface, as shown in Fig. 2 (b). The

indenter was considered under a normal load varying between 1—9 N pushing the indenter toward

10
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the substrate in the y-direction, and the indenter also moved in the z-direction with a constant
velocity of 100 mm/s. The load range selected in this study will help understand the mechanisms
affecting the material removal at small and large loads [18, 32, 54], and the indenter velocity was
chosen large enough to avoid making the simulation computationally expensive. The substrate
movement was constrained in all directions to evaluate the effect of the indenter over the substrate.
The scratch simulation was completed under four steps. In the first step, surface-to-surface contact
[18] was established between the indenter and the substrate, followed by increasing the normal
load gradually until the load reached its maxima at the end of the second step. In the third step, the
indenter moved with a constant velocity along the scratch length. During the last step, the indenter
was unloaded and gradually lifted up by imposing a small magnitude of load in the opposite
direction. The plastic deformation and material removal have been considered in the scratch model
developed in this study using the Explicit option in Abaqus. The element types chosen to mesh the
substrate and the indenter were a ten-node modified quadratic tetrahedron (C3D10M in ABAQUS
FEA notation ) and a 3-node 3-D rigid triangular facet (R3D3 in ABAQUS FEA notation),
respectively. Compute Canada clusters were employed and paralleled to perform high-powered

parallel computing, with typical run times of 15 hours on two nodes, each with 48 CPUs.

2.3. Constitutive Models

Two main approaches drawn from fracture mechanics [55, 56] and damage mechanics [57-59]
were employed to model the material response under scratch loading. The matrix was modelled as
an elastoplastic hardening material. To model the plasticity and damage behaviour of the Ni matrix

under varying normal loads, the Johnson-Cook (J-C) constitutive equation [59] was employed.

11



O©CO~NOOOTA~AWNPE

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

In the J-C model, the relationship between von Mises flow stress (o, ), yield strength, hardening,

and temperature softening is defined as:

—=pI\N 8;}71 T_Ze 5
o, =| A+BE") ]{Hcm(?ﬂ 1—(#} : (1)

melt ~ Lref

where A is the yield strength, B is the strain-hardening modulus, £ is the equivalent plastic

strain, C is the strain rate hardening coefficient, £’ is the equivalent plastic strain rate, z ' is

the reference strain rate, I' is the temperature at operating condition, 7, is the reference

temperature, 7 . is the melting temperature, and N and M are strain the hardening exponent and

melt
softening exponent.
Based on the equivalent plastic strain (Ag”'), a damage parameter (D) was defined in the J-C

damage model as:

D:ZAE” 2

pl 2
&y

where & /571 is equivalent plastic strain at failure, which was defined as:

o g7 Tr-T
e” =D +D,exp| D.| == | ||| 1+ D, In| =— ||| 1+—= |, 3
/ [ 1 2 p[ 3[0_8(1}}]{ 4 [E‘opl]:|{ det_Tref} ()

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

In the J-C damage model, element removal occurs when the strain in the element exceeds the
failure strain, which is when D =1. At this stage, material stiffness decreases. This element
removal leads to material loss on the surface that is under the sliding indenter. This modelling

approach was also used in impact [59, 60] and erosion [61, 62] processes.

12
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The Johnson-Holmquist (JH-2) constitutive model, which is based on the elastic-viscoplastic
approach, was used to simulate the response of WC particles to deformation. This model is mainly
used to simulate deformation in brittle materials (e.g., SiC [64], B4C [65], and AIN [66]). In this
model, the strength of the reinforcing particles is assumed to vary with changing pressure, strain
rate, and tensile strength. Initially, elastic deformation is considered in the material. In this region,
the stress-state is described based on the elastic material properties and equation of state. The

relationship between pressure on the material and density o can be calculated based on the current

material deformation as follows [66, 67]:

P=Ku+K,u’+K’ ifuu>0 and “4)
P=Ku ifu<o, (5)

where u=p/p,, p is the material density, p, is a reference density, and K, K,, and K are
constants ( K, is the initial bulk modulus).

An increment in damage leads to material bulking, meaning that a larger volume is occupied by
the fractured material compared with the intact condition. This leads to an increase in local pressure

in a constrained material. Initially, the bulking pressure is zero for an undamaged material, and

this bulking pressure can be calculated at the next time increment as [64, 65]:

AP

t+At

1/2
= K f +[ (Kiphop + ARY +2BKAU |, (6)

where A is the fraction of elastic energy loss converted to potential hydrostatic energy and AU
is energy loss due to increased bulking pressure, which is defined as [65—68]:
AU =U(D)-U(D,,,) and (7)

13
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where G is the elastic shear modulus.

In the JH-2 model, under compressive loading, the damage accumulates progressively with plastic
deformation. A damage parameter, ranging from 0 to 1, is employed to track this damage
accumulation, and this serves to degrade the overall strength in the material. The strength of the

material is expressed in terms of the normalized von Mises equivalent stress as [66]:
o =0, -D(o, -0,), )

where D is the damage parameter, and o, and 0';. are the normalized intact and fractured
equivalent stresses, respectively. These normalized equivalent stresses (o, o, , and o-;.) have the

general form of 0" =/ &, . In this definition, o is the actual von Mises stress and o}, is the

equivalent stress at the Hugoniot elastic limit (HEL).

In the JH-2 model, the normalized intact and fractured stresses can be expressed as a function of

pressure and strain rate as follows:
o, =AP +T)"(1+Clng") and (10)
o, =B(P)"(1+Chn¢’), (11)

where 4,B,C,M, and N are material constants, and P* and 7~ are the normalized pressure and

normalized maximum tensile hydrostatic pressure, respectively, which can be defined as:

P =P/P,, and (12)

14
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T°"=T/P,,, (13)

where P, is the pressure at the HEL and T is the maximum tensile pressure that a material can

withstand.

To determine P,,, and o,,, , HEL experimental data is required. HEL, which comprises of the

pressure and deviatoric components, represents the point at which the shock wave exceeds the
elastic limit of the material and is presented as a one-dimensional shock wave [66]. The HEL is

defined by [65, 68]:
2
HEL=P,, +3 O (14)

Using Eq. (14), the value of P, and o, were determined using the procedure described in

several studies that implemented the JH-2 model [64, 65, 68]. The volumetric strain at HEL is

determined using the following equation [66]:

+K +K +iG—ﬂHEL . (15)

HEL =K, 21“121EL 3/‘21&
30 1+

The data presented in Moxnes, et al. [70] was employed to find the volumetric strain ( 14, ) at

HEL, and then this value was used in Eq. (4) to find P, . Then, o,,, was determined using Eq.

(14).

The damage evolution and fracture term of the model is similar to those in the J-C model described

in Eq. (2). However, the fracture strain definition is different in this model and is given as:

el =D,(P +T)"™, (16)

15
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where D, and D, are material constants.

All material parameters used in J-C and JH-2 models were listed in Table 1 along with other

material properties and constants for Ni and WC. The Ni properties were obtained from Ghelichi,

et al. [71], and WC properties were obtained from Moxnes, et al. [70] and Holmquist, et al. [72].

Table 1 Ni and WC properties and constants used in J-C and JH-2 constitutive models.

Material properties/parameters Ni [71] WC [69, 71]

A 163 [MPa] 0.9899

B 648 [MPa] 0.67

C 0.06 0

E 200 [GPa] N/A

M 1.44 0.0322
N 0.33 0.0322
g" 1 I

P, 8900 [kg/m’] 14560 [kg/m’]
v 0.31 N/A

D, 0.54 0.005

D, 4.89 1

D, 3.03 N/A

D, 0.014 N/A

D, 1.12 N/A

16
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G N/A 219 [GPa]
HEL N/A 6.566 [GPa]
IDamage N/A 0
K, N/A 362 [GPa]
K, N/A 694 [GPa]
K, N/A 0

2.4. Element Size and Model Validation

The FE model developed in this study needs to be independent of the number of elements and
validated with experimental data. To perform validation, the results of this study were compared
with the experimental study of Ul-Hamid, et al. [52] for the scratch testing of a low-porosity and
fine-grained Ni material. This data set in this published study was the best validation case and
aligned well with the low-porosity Nickel material that existed in our simulations. To reduce the
computation time, the mesh independence test was conducted with increasing element size from
2,200 elements (element size of 60 um) to 50,400 elements (element size of 5 um). Choosing an
optimum number of elements was important to reduce the computational time while keeping the
results independent of the number of elements. The load on the indenter was considered to be 10
N, and the material undergoing the scratch was Ni with the material properties listed in Table 1.
The average von Mises stress measured in the middle of the groove created by the scratch, and the
scratch depth along the scratch length were calculated for different elements sizes and shown in
Fig. 3. It was found that the average stress was independent of the element size when the number

of elements was greater than 20,000 ( element size of 10 um), as shown in Fig. 3 (a). Similarly,
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the scratch depth did not significantly change when the number of elements was greater than
20,000, as depicted in Fig. 3(b). Thus, the minimum of 20,000 elements was chosen in this study
to keep the results independent of the number of elements, while promoting computational

efficiencies.
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Fig. 3 Number of elements vs. (a) average von Mises stress and (b) scratch depth.

2.5. Artificial Neural Network Approach

Developing a model to predict the material removal requires a computerized numerical system to
model the complex and nonlinear relationship between the operating parameters and the output. In
these simulations, the operating parameters were considered to be scratch load, particle volume
fraction, and particle size. To correlate the operating parameters considered in this study with the
wear volume, artificial neural networks (ANNs) were employed. The artificial neural network,

which has been widely employed across a variety of science and engineering disciplines [73—77]
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has the capability to model the behaviour of linear and nonlinear systems, which have a high degree

of complexity [47].

In this study, the ANN model was developed based on the biological neural network [78]. The
biological neural network included small units called neurons receiving electrochemical signals
via synapses. The synapses modify the weight of the received signal during learning. In biology,
the brain consists of subsystems, and each subsystem consists of a group of neurons [78].
Similarly, the ANN model acts as a brain with subsystems and neurons, which represent ANN

layers and neurons, respectively. These neurons link input data to output using synaptic weights.

Among many types of ANNSs, a multilayer perceptron network (MLP) is more common and has
been used previously in nonlinear problems (e.g., corrosion [79], erosion [80]). MLP generally
consists of an input layer, hidden layers, and an output layer, as shown in Fig. 4. According to
other investigators, one hidden layer is usually sufficient to predict the actual output with
acceptable accuracy [80, 81]. The number of neurons in the hidden layer is determined by a trial
and error approach based on the mean square criterion [83]. In an ANN model, each input is
weighed between 0 and 1. The closer the weight to 1, the more significant the input is. The sum
of all of the signals’ weights consists of the net value of the neurons. Each neuron is also set to a
number that corresponds to a threshold over which the neuron will transfer the signal to another
neuron. This signal transfer happens if the net value exceeds the neuron threshold. Thus, the
generalized knowledge gained in the training process is memorized in terms of the weight of the

signals [83, 84].

In MLP, the data is split into training data and test data. Training is the act of continuously
adjusting the signal weights until they reach appropriate values that allow the network to closely

predict the actual output. The accuracy of the network depends on the weights of these signals.
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The training data creates a set of training patterns (x,,¢,) where p represents the pattern number,
x,and 7, are the input vector pattern and the desired output for the p’h training pattern. The input
to the ;" hidden neuron, net (), is defined as [86]:

N+l

net,(j) = W, (k, )x,(k) 1<j<N,, (17)

k=1

where W, (k, j) is the weights connecting the k" input to the j’h hidden neuron and subscript k& is

used to show N input neurons.

The output activation for the p™ training pattern (0,())) is expressed as:

The sigmoid function is typically chosen as the nonlinear activation function as [83]:

1
Sfnet () =——0r- (19)
I+e 7

The overall performance of MLP is calculated by the mean square error (MSE) as follows:

Zf[r,,(i)—y,,(i)} : (20)

N, 2
p=l i=l

L
NS N

v

th

where, N, is the number of training patterns, the i output for the pth training pattern can be

defined as:

N+1 Nh

y,g(i)=ZW,,,»(k,j)-x,,(k) +> W, 36, /)0, () 1)

J=1
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where W, (k, j) denotes the weights from input to output neurons and W, (i, j) the weights from

hidden to output neurons.

In this study, i =M =1, the ANN model had just one output, which was the volume loss, and the
input layer consisted of WC particle volume fraction, size, and scratch load. The ANN model was

developed to correlate these inputs and output using a Matlab® code.

net,, (1)

Oy(1)

Wii(1,1)

Xp(1)
Xp(2) Yp
[
[
[
Xp(N) °
net,, (Ny,) Op(Np)
Input layer Hidden layer Output layer

Fig. 4 Topology of an artificial neural network.
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3. Results and Discussion

Initially, a scratch test was simulated under progressive load increasing from 0.1 to 30 N to
validate the FE scratch model, and the result was compared with the experimental result obtained
in the study buy Ul-Hamid, et al. [52], as shown in Fig 5. Simulating the scratch test under
progressive load facilitated examination of the validity of the FE model. As expected, the scratch
depth increased with increasing the load in both experiment and simulation. Although the
uncertainty of the study by Ul-Hamid, ef al. [52] was not given, the scratch depth result obtained

using the FE scratch model showed a good agreement with the experimental result in Fig. 5.
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Fig. 5 The scratch length vs. scratch depth comparison between the present model and Ul-
Hamid, ef al. experimental study [52].

3.1. Simulation of Residual Stress and Displacement
The contours of stress and displacement will be presented to illustrate the spatial distribution of
deformation in the material following a scratch test. This was done by varying the load (1 N to 9

N), particle size (60 pm to 220 pum), and volume concentrations (10 Vol.% to 50 Vol.%).

These were shown to see how mechanisms change and evolve as a function of these
internal/external parameters. During sliding of the indenter, the shear force was created on the
surface of the material, which caused the uppermost layer of the material to be compressed, as

shown in Fig. 6. Depending on the size of this shear force, different material removal mechanisms
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could become dominant [86, 87]. At a scratch load of 1 N, the WC particles deposited in the matrix
were the only ones that contributed to the stress distribution (see Fig. 6 (a-I)) and composite
hardness and material removal mechanism. The load on the indenter caused the stress is distributed
in the substrate and the material is plastically deformed and accumulated on the side of the groove

when ¢ =10 Vol.% as shown in Fig. 6 (a-II). This is referred to as “microploughing” and this

mechanism was also reported by Xiao, et al. [87] as the dominant mechanism of material removal
at small loads. When increasing the particle volume fraction to 50 Vol.% with the same scratch
load, the stress was concentrated at the interface of the particle. The mismatch in properties
between the matrix and the reinforcing particles at the interfaces [24] induced large stresses under
loading, which resulted in fragmentation and material removal, as shown in Fig. 6 (b-II).
Increasing the WC particle volume fraction, which makes the composite brittle [32], may explain
this small amount of material removal. In Fig. 6 (b), no clear plastic deformation was observed in
the matrix through the surface of the particles due to the protective role of the particles on the
matrix. This protective role of the WC particles was also observed in an experimental study by

Cao, et al. [89].

The residual damage in the substrate was investigated to probe potential damage accumulation and
micro-fatigue mechanisms [90]. Typically, the stress was stored in both the matrix and particles at
the scratch load of 1 N. The load caused the damage parameter represented in Eq. (2) is increased
in each element. This parameter illustrated for the WC particles size of 60 and 140 um in Fig. 7
revealed that the damage parameter is relatively small (smaller than 0.5) in all the elements, which
means that the reinforcing particles may not be significantly damaged even if the scratch test had

been repeated, and the stress would have been stored in the form of microfatigue.
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Fig. 6 (I) Residual stress (MPa ) and (II) displacement ( mm ) contours of WC-Ni composite

coating with WC particle size of 60 pum and (a) ¢ = 10 Vol.% and (b) ¢ = 50 Vol.%, at
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Fig. 7 Damage parameter contour of the composite coating under | N scratch load with 50
Vol.% WC particle content and the diameter of (a) 60 pm and (b) 140 um.

The stress and displacement contours were also evaluated for the volume fraction of 10 Vol.% at
9 N, as shown in Fig. 8 (a). At this load, the stress was less homogeneously distributed at the
volume fraction of 10 Vol.% than the case with 50 Vol.% volume fraction. This could be due to
the larger mean free path [91] between the carbide particles [24], which caused the particles that

were farther from the groove to undergo lower stresses than the same case with 50 Vol.% (See
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Fig. 8 (a-1, c-I)) and the deformation and damage occur quite freely due to the weak resisting role
of the reinforcing particles to deformation (See Fig 8 (a-II)). Increasing the particle size from 60

to 140 um and larger caused the mean free path to become even larger, which caused the plastic
deformation to occur in the matrix during sliding even at large volume fractions (i.e., ¢ = 50 Vol.%

). In the case of large WC particle reinforcement, the stress simulated in the composite coating
with 10 Vol.% WC particles was greatly affected by the behaviour of the matrix with limited WC
particle interference, as shown in Fig. 8 (b). By increasing the particle volume fraction to 50
Vol.% (see Fig. 8 (c)), the mean free path decreased, which caused the material surrounded by the
WC particles to be forced laterally and the vertical flow of the matrix between the WC particles
was reduced. Also, the higher volume fraction caused the stress to be distributed more uniformly
in the composite coating, as shown in Fig. 8 (c-I). This is because the local load can be more easily
transferred to the adjacent particles due to the smaller mean free path. This smaller mean free path
caused transfer of stress to the particles and matrix, and the particles located further from the
groove experienced larger residual stresses than the case with the same particle size and volume
fraction of 10 Vol.%, as illustrated in Fig. 8 (c-I). Also, the composite revealed severe deformation
in the areas surrounded by WC particles, as shown in Fig. 8 (c-I). This deformation related to the

presence of the WC particles was also observed in a study conducted by Varga, et al. [40].

Increasing the particle volume fraction affected the material removal mechanism. The material
removal mechanism changed from microploughing to microcutting with increasing the particle
volume fraction from 10 to 50 Vol.%, as less matrix deformation and accumulation on the side
of the groove was observed in Fig. 8 (c-1I). Instead, a chip was formed in front of the indenter at
the end of sliding. This chip formation in front of the indenter was also observed in the scratch

experiment conducted by Tkaya et al. [88], where the microcutting mechanism was dominant.
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Fig. 8 (I) Residual stress (MPa ) and (II) displacement (mm ) contours of WC-Ni composite
coating at (a)

dp=60 pm, ¢ =10 Vol.%, Load=9 N, (b)d,=140 um, ¢ =10 Vol.%, Load= 9 N,
and (c)dp,=60 pm, ¢ =50 Vol.%, Load= 9 N.

3.2. Maximum Principal Stress Distribution

To better understand the effects of the WC particles on the scratch resistance of the composite
coating and strengthening mechanisms of the composite, the evolution of the maximum principal
stress field was determined in the cross-section of the composite along the z-axis for three different
particles sizes (i.e., 60, 140, and 220 pm). The results are shown in Fig. 9. The stress in the
particles was much larger than those in the matrix, which revealed that a larger load was carried
by the particles and highlighted the load-carrying role of the particles in the composite [92]. The
stress was more homogeneously dispersed in the smaller particles than in those that were larger

(see Fig. 9). This facilitated transfer of the stresses to adjacent particles and led to uniform stress

34



OCoO~NOUTAWNE

465

466

467

468

469

470

471

472

473

474

distribution in the composite. This stress distribution could be in the form of compression stress,
which happened in front of the indenter, and tensile stress, which happened behind the indenter,
as shown in Fig. 9. Stress concentration was also observed at the interface of the matrix and the
particles, which has been reported to be due to the mechanical properties mismatch between the
matrix and particles [24]. This high concentration of stress at the interface may have caused

initiation of fractures within the particle and, eventually, material removal.
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Fig. 9 Maximum principal stress (MPa) contour of WC-Ni composite coating undergoing a load
of 9 N with 50 Vol.% particles and particle size of (a) 60 pm (b) 140 pm, and (c) 220 pm.
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3.3. Scratch Characterization and Mechanical Behaviour

To analyze the effect of WC particle size and volume fraction on the scratch depth, the scratch
load was held at 5 N, and the residual scratch depth of the composite coatings and the Ni
substrate, with no reinforcing particles, was obtained over the geometry, as shown in Fig. 10.
Regardless of the size and the volume fraction of the WC particles, the scratch depth was reduced
when adding WC particles. This reduction of scratch depth was not monotonic along the scratch
length due to the presence of the WC particles, particularly when the WC particle’s volume fraction
was 30 Vol.% and higher and the particle size was 140 pm and larger. The reinforcing particles
impeded penetration of the indenter into the MMC coating. This was the reason for this non-
monotonic reduction of the residual scratch depth, which was previously reported in studies by

Hu, et al. [44, 45].

During sliding of the indenter over the composite coating, the scratch load induced material

removal and wear, resulting in worn volume loss. The worn volume loss of the Ni substrate with
no reinforcement increased from nearly 300 um® to 4.5x10° um’ by increasing the scratch load
from I N to 9 N, as shown in Fig. 11. Ata scratch load of 1 N, the material from the Ni substrate
with no reinforcing particles was removed mainly after plastic deformation, and the worn volume
was negligible, as shown in Fig. 11 (a). This negligible material removal with a scratch load of |
N was also reported in a study by Xiao, ef al. [87]. By increasing the scratch load, the material
that was removed increased considerably (See Fig. 11 (b)-(c)) due to the domination of the

microcutting mechanism during material removal at higher loads [87].

At a scratch load of 1 N (See Fig. 11 (a)), the role of the microfatigue mechanism on material

removal, was more pronounced at small loads. The worn volume loss was slightly reduced with
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adding 10 Vol.% of WC particles regardless of the size of WC particles. Also, increasing the
volume fraction and size of the particles showed an adverse effect on the worn volume. Generally,
understanding the effect of WC particle volume fraction on material removal and loss might be
difficult at small loads with a single asperity scratch test. With the interaction of one abrasive
particle, the stress was mostly stored in the element, and the damage parameter remained smaller
than 1. This means that multiple cycles are required to clearly demonstrate the role of reinforcing

particles and damage on the composite and their effect on microfatigue [32].

At a scratch load of 5 N (see Fig. 11(b)), the WC particles improved the wear resistance of the
composite compared to the Ni substrate with no WC particle reinforcement. The material
resistance varied with changes in the WC particle volume fraction and size due to the competition
of two decisive factors, namely hardness of the composite [12, 14, 92] and impeding penetration

of the indenter [44, 45]. Larger particles (i.e., 140 and 220 pm ) than the indenter impeded indenter
penetration into the composite better than the smaller WC particles (i.e., 60 pm), which has been

noted elsewhere by Hu, et al. [46], as shown in Fig. 10. As a result, the volume worn by the

indenter was reduced when the particle’s diameter was 140 and 220 um, as shown in Fig. 11 (b).

As noted by Alzouma, et al. [17], the larger volume fraction of the WC particles protected the
matrix from plastic deformation. With increasing the particle volume fraction, the composite
became more brittle [46], which promoted the microcutting mechanism of material removal, with
the microfracturing of the WC particles [32]. Thus, with increasing the WC particle volume
fraction, the bulk hardness may increase with a tradeoff in toughness. This indicated that a critical
WC particle volume fraction exists at which the worn volume is minimum [17, 45], and this is
likely related to the competition of hardness and the impeding reinforcing particle effect mentioned
earlier ( Fig. 11 (b)).
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The effects of larger loads on the mechanisms involved in material removal were analyzed by
increasing the normal load to 9 N. By increasing the scratch load, the impeding penetration of
the indenter due to the larger WC particles was less pronounced, particularly at ¢ =50 Vol.%, as

the worn volume loss was significantly reduced for any concentration of WC particles when the

particle size was 60 um, as shown in Fig. 11 (c). At this time, the particle fracture played a

significant role in damage and failure of the composite. The worn volume loss was related to the
bulk hardness of the composite, the volume loss decreased with inclusion of smaller WC particles.
This reinforcement was reduced due to particle fracture particularly when the particle size was
large [94]. The high stress concentration at the edge of large particles was one possible reason for
the fracture of brittle particles. Also, the critical volume fraction at which the lowest worn volume
loss was observed was dependent on particle size. These changes in the critical volume fraction
were also reported elsewhere [17, 45]. This suggests that a strong relationship exists between the

scratch load, particle size, and volume fraction, and material loss during loading.
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Fig. 10 Scratch depth vs. scratch length of the Ni and WC-Ni composite coating at the scratch
load of 5N with different WC particle sizes and volume fraction of (a) 10 Vol.%, (b)30 Vol.%
,and (¢)50 Vol.%.
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Fig. 11 Worn volume of all the Ni and the WC-Ni composite coatings with different WC particle
size and volume fractions at a normal load of (a) 1 N, (b) 5 N, and (c) 9 N.

3.4. Predictions from ANN Computation Model

An ANN model was developed and trained to predict the worn volume of the composite coating
by considering different combinations of scratch load, WC particle size, and volume fraction
values. The worn volume was shown for all of these combinations in Fig. 11. In addition,

mechanical properties for the matrix and particles were varied by 15 % [95] in order to account

45



O©CO~NOOOTA~AWNPE

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

for potential variability in the outcomes when generated through this generalized ANN model.
Considering this Ni strengthening effect, the worn volume was also obtained for different

combinations of the scratch load (I, 5, 9 N), WC particle size (60, 140, and 220 pm), and WC

particle volume fraction (10, 30, and 50 Vol.%). The data were randomly categorized into a
training set, validation set, and test set. The training and validation sets were employed to train the
model for a certain number of neurons in the hidden layer and to optimize the number of neurons
in the hidden layer, respectively. For this reason, the model was trained using a hidden layer with
1 to 5 neurons, and the root mean square error (RMSE) [96] was calculated for both training and
validation sets, as shown in Fig. 12. It was found from the figure that the lowest RMSE can be

obtained in both training and validation sets when the number of neurons is set to 3.

The hidden layer with 3 neurons was chosen to train the model, and the true versus predicted worn
volumes of the training and validation data sets were calculated along with the test data set (see
Fig. 13), which was not used to train or optimize the number of neurons. The predicted R? [96]

was found to be 0.965, which demonstrates the accuracy of the model.

Using the proposed ANN model in the industry for evaluating the resistance of the MMC coatings
against wear can be beneficial in different aspects. First, reducing the production cost, time-
consuming experiments, and the number of expertise to conduct these experiments are some
critical benefits of such a model [97]. Second, the proposed model can be used to predict the
nonlinear highly complex wear problem of a composite coating with different particle sizes and

volume fractions undergoing different normal loads [97, 98].
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4. Conclusions

In this paper, a three-dimensional finite element model was developed to model the scratch test in
different WC-Ni composite coatings for ranging WC particle sizes (60 —220 pm®) and volume
fractions (10—50 Vol.% ) under different scratch loads (1-9 N). The indenter size choice was
motivated by the sand size observed in the Albertan oil sands. The Johnson-Cook model and
Johnson-Holmquist models were employed to simulate the mechanical behaviour of Ni and WC,
respectively. The developed model was validated with the experimental data obtained from the

literature, and the scratch test was simulated for a substrate made of Ni with no reinforcing
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particles. To predict the effects of normal load, WC particles volume fraction and size on the worn

volume, the worn volume was calculated for each combination of these parameters, and an ANN

model was trained and developed. The mechanisms contributing to the material removal and the

influence of different parameters on these mechanisms were evaluated. The effects of the WC

particle size and volume fraction on the scratch depth and worn volume of the composite were also

analyzed at different scratch loads, and the following main conclusions can be drawn from this

study:

The microploughing was the dominant mechanism of material removal of the WC-Ni
composite with small WC particle volume fraction at low scratch loads as the substrate
tended to pile up on the sides along the scratch length. Also, the material removal
mechanism changed from microploughing to microcutting with increasing the particle

volume fraction to 30 Vol.% and higher.

With higher particle volume fraction, the stress was more homogeneously distributed in
the case of having smaller WC particles than larger particles, and the stress carrying role
of the WC particles in the composite was clearly observed. Also, a large concentration of
stress was observed at the interface of the particles and the matrix, which may cause the
initiation of material removal. The effect of the particle size and volume fraction on the
worn volume varied at different scratch loads due to the relationship that exists between
these parameters.

With an increase in particle size, the impeding penetration of the indenter was more
pronounced. This impeding penetration of the indenter helped reduce the worn volume of

the composite.
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The worn volume predicted by the ANN model was in agreement with the true worn
volume, which shows the capability of the ANN model to predict nonlinear and highly

complex wear problems.
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