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Abstract

Tungsten carbide-Nickel (WC-Ni) metal matrix coatings (MMC) were fabricated using a
low-pressure cold spray unit. The coatings were designed according to 50, 71, and 92 weight
percentages of WC in the feedstock powder. These coatings were subsequently prepared for uni-
axial quasi-static tensile testing to evaluate their mechanical properties, namely the tensile
strength, the Young’s modulus, and the toughness. Further, the evolving strains during tensile
testing were computed using the Digital Image Correlation (DIC) technique. The coatings were
characterized for their microstructure, namely the total particle-matrix interfacial area, the mean
free path between the particles, the average particle size, and the porosity of the coating by image
analysis on the captured scanning electron microscope (SEM) micrographs. The results indicate
that with an increase in the content of WC in the coatings, there was an increase in tensile
strength, strain to failure, Young’s modulus, and the toughness of the coatings. This increase was
attributed to the refined microstructural features that occurred with the decrease in the porosity of
the coating that was caused by the greater consolidation of the Ni matrix at higher WC content in
the metal matrix. Additionally, this improvement was linked to the increase in the particle-matrix
interfacial area caused by the increase in carbide content, a decrease in the average WC particle
size in the coating, and a reduction in the mean free path between the WC particles. Using this
quantification of key microstructural features and mechanical properties, a combined
microstructural feature’s effect on the tensile strength based on the individual functional
relationships between the microstructure and mechanical properties was also explored. This
revealed that there exist distinct tensile strength regimes based on the content of WC wt.% in the

coatings. The coatings with content of WC beyond 30 wt.% reported a significant increase in

i



their tensile strength. This was reiterated to the refined microstructure at higher content of WC in
the coating and their ability to absorb higher mechanical energy to failure. Next, damage in the
coatings was quantified by calculating the Poisson’s ratio and it was used to explain the tensile
failure of the coatings. The coatings with WC content less than 15 wt.% were accompanied with
higher damage than the coatings with WC content beyond 30 wt.%. Finally, a preliminary
exercise is presented to model the tensile stress-strain behaviour of the tested coatings with the
application of the cohesive zone between the metal matrix and the reinforcing phase. The
modelling results indicated that the failure strength of the cohesive zone was approximately 215
MPa for 15 wt.% WC in the coating. The model also suggests that the tensile strength of the
coating increases with an increase in particle-matrix interface strength. The mechanical
properties and the microstructural data collected in this thesis is imperative to validate
mechanism-based models to predict the stress-strain response and the performance of cold
sprayed MMCs. Overall, besides quantifying the mechanical properties of the low-pressure cold-
sprayed WC-Ni MMC coatings, this thesis study emphasizes the importance of tailoring the
microstructure of cold spray MMC coatings to develop the next generation of coatings with

improved mechanical properties and performance.
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1 Introduction

1.1 Wear

The continuous interaction of mechanical equipment with hard-faced particles causes wear
and corrosion of equipment in the Oil & Gas and Mining industries [1]. Consequently, this wear
and corrosion causes the structural degradation of the mechanical equipment and results in their
premature failure [2, 3]. Thus, a significant portion of revenue of the industry is directed towards
the maintenance and protection of the mechanical equipment [3, 4]. In the oil and gas industry,
the wear mainly comprises of the impact wear, the erosive wear, and the abrasive wear [4].
Impact wear is caused by the continuous impact of big pieces of rocks, which is prevalent in
accessories and machinery such as screens or crushers used in the processing of oil sands [4].
Erosive wear is caused by the fluid, which contain hard solid particles and flows over the
mechanical equipment. Generally, erosive wear occurs due to the transportation of oil sand
slurries. The slurries containing hard alumna particles, which typically interact with the
equipment surface, causing erosive wear [2, 4, 27] (see Fig. 1). Abrasive wear occurs in the
transportation of the sand [4]. The sand slides over and between the surfaces, causing
equipment’s surface material loss over time. Therefore, to avoid the detrimental effects of wear
to the mechanical equipment, protection by surface modification of equipment is desired [5—7].
The surface modification by the depositing the hard-faced sacrificial coatings is ubiquitous in the

mining industries [7, 8].



Figure 1: Erosive wear of the mechanical equipment. The arrow marks the material removed

from the equipment [27].

1.2 Metal matrix composite coatings

Multi-phase composites or metal matrix composites (MMC) are composite materials that are
comprised of at least two constituent phases, where one of those phases is metallic, and the other
reinforcing phases may be different metals or other materials such as a ceramics, inorganic
materials, or organic materials. These types of composite materials are desirable because they
offer enhanced properties resulting from the combination and synergies of the properties of both
the matrix and the reinforcing materials, such as light weight, strength, stiffness, wear resistance,
creep resistance, and improved electrical and thermal conductivity [6]. The distinct

characteristics of MMCs such as wear resistance, corrosion resistance, and thermal resistance



have made them ubiquitous in the Oil and Gas industry, Aerospace industry, Defense industry,

and for use in cutting tools [5—13].

1.3 Fabrication of metal matrix composites

Metal matrix composites may be fabricated by using commercially available methods such as
the liquid state method [5], the solid-state method [5], and thermal spraying [4, 14, 15], to name
a few. In the liquid state method, the reinforcing particles are introduced into the stream of
molten metal. The flow of molten metal facilitates the manufacture of near net shape structures;
however, the process limits the control of the distribution of the reinforcing phase in the matrix.
Also, during melt infiltration, the particles may agglomerate and settle in the matrix [5]. The
solid-state method consists of pressing a solidifying powder that contains the particulates to
approximately 75% of the initial density of the powder. After pressing, the consolidated material
may be extruded, rolled, or forged to the desired shape. In general, the solid-state method
provides for higher overall strength in the MMC than that fabricated by way of the liquid state

method [5].

Thermal spraying, which includes plasma spraying, high-velocity oxy-fuel (HVOF) spraying,
wire-arc spraying, flame spraying, and cold spraying [14, 15], is a highly scalable manufacturing
process that is currently used to fabricate MMC-based thin coating systems from mechanically
blended or fused powders. Cold spraying is a coating deposition method in which powder
particles are accelerated to supersonic velocity through a de Laval nozzle (see Fig. 2). The

powder particles adhere to the substrate, accumulate, and produce a coating on the surface [12—



20]. The fact that the deposition temperature in cold spraying is lower (0-700°C [14]) than that in
the other thermal spray processes (for example, 8000-10,000°C in plasma spraying [14], 11,000-
14,000°C in wire-arc spraying [14], and 2000-3000°C in flame spraying [14], ) results in
fabricated coatings that are nearly devoid of oxidation, decarburization, metallurgical
transformations, and thermal stresses [13, 14, 21-23]. Further, the incorporation of the hard
particles in the feedstock powder to fabricate the MMC coatings has been determined by
multiple factors. The reinforcement particles in the feedstock powder improves the deposition
efficiency of the blended powders due to the impact of hard incoming particles on the previously
deposited layers. As shown in Fig. 3, an increase in the weight percent (wt.%) of tungsten
carbide (WC) in the feedstock powder from 50 to 96 wt.%, resulted in an increase in the wt.% of
WC in the coating from approximately 7 = 0.9 to 68 + 0.5 wt.% [25]. In addition, a decrease in
porosity was observed due to greater consolidation of the metal matrix at higher content of hard
reinforcing particles [12, 24-26]. The volumetric percent (vol.%) of the porosity in the coating
decreased from approximately 2 + 0.7 to 0.3 + 0.1 vol.% with a change in the powder blend from
50 wt.% WC + 50 wt.% Ni to 96 wt.% WC + 4 wt.% Ni [10]. Further, Lee, et al. [15, 28], and
Xie, et al. [27] have reported that composite coatings consisting of a hard-reinforcing phase may
significantly improve the wear resistance in pumps used for oil sands operations. Thus, cold

spraying provides one promising alternative method for fabrication of MMC coatings.
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Figure 2: Schematic of the cold spray process [17].

Figure 3: SEM image of the microstructure of cold-sprayed MMC coatings fabricated from
feedstock with composition of (a) 50 wt.% WC + 50 wt.% Ni; (b) 75 wt.% WC + 25 wt.% Ni;

(c) 92 wt.% WC + 8 wt.% Ni; and (d) 96 wt.% WC + 4 wt.% Ni [25].



1.4 Motivation

WC-based MMC coatings are ubiquitous in Oil and Gas industry due of their remarkable
wear resistance [14, 26, 28]. Most of the fundamental understanding to characterize the
performance of these coatings is based on localized testing systems such as hardness testing [14,
25, 26]. However, researchers have noted that the results obtained from hardness testing may not
be the correlated in predicting the macro- mechanical response of coatings [32, 33, 36, 62]. They
have noted that the macro response of the coatings is greatly influenced by the microstructure of
the coating [32, 33, 36]. Many studies are available in the literature where the performance of
wear resistant coatings is predicted based on the Hardness of those coatings [15, 25, 26].
However, limited studies are available where researchers have tried to conduct a full field testing
of cold sprayed coatings such as tensile testing. Recently researchers have reported tensile
strength data for the coatings fabricated using the thermal spray process [62], however, limited
researchers have explored the mechanical properties such as the Young’s modulus, tensile
strength, toughness, and Poisson’s ration of low-pressure cold sprayed MMCs. Therefore, this
study develops a methodology to extract the firsthand data on these mechanical properties for the
low-pressure cold sprayed WC-Ni MMC coatings. Also, the macro behaviour of the coatings is
highly influenced by the microstructure of the MMC, namely particle size, mean free path,
interfacial area between the reinforcing particle and metal matrix [9, 15, 24]; however, limited
studies are available for the cold sprayed carbide based MMCs. Therefore, to better understand
the influence of microstructure on the macro response of the cold sprayed WC-based coatings, a

comprehensive study must be conducted.



1.5 Objectives

Broadly, the objective of this thesis was to evaluate and understand the microstructure-

dependent material properties and failure behaviors of the cold sprayed WC-Ni MMC coatings.

The current study explores the tensile stress-strain responses of the fabricated coatings under

quasi-static loading rates with specific goals to:

1.

Fabricate a high strength coating by varying the content of WC wt.% in the coating.

Determine the mechanical properties of the composite by conducting uniaxial tensile tests.

Explore and analyze the use of the digital image correlation technique in the field testing of

cold sprayed coatings.

Study the effect of reinforcing particle content on tensile strength of the fabricated coatings.

Study the effect of mean free path between the reinforcing particles on tensile strength of the

fabricated coatings.

Study the effect of average particle size on tensile strength of the fabricated coatings.

Study the effect of porosity on tensile strength of the fabricated coatings.

Investigate the combined effect of carbide content, particle-particle mean free path, average

particle size, and porosity on tensile strength of the fabricated coatings.

Determine and investigate the link between the mechanical energy absorbed to failure by the

coatings and the corresponding tensile strength.



10. Quantification of damage and study its influence on the tensile strength of the coatings.
11. Numerically model and validate the tensile stress-strain behaviour of the cold sprayed WC-

Ni MMC coatings.

1.6 Thesis organization

This thesis manuscript is organized into several chapters. Chapter 2 describes the literature
review for extracting and estimating the wear performance and mechanical properties of the
MMCs. This chapter also provides a comprehensive review of the empirical and the numerical
models employed to predict the mechanical properties and wear performance of the MMCs.
Chapter 3 describes the experimental procedure used to fabricate and characterize the cold
sprayed WC-Ni MMC coatings. Chapter 4 presents the results and discuss the objectives of this
study. Further, Chapter 5 documents the conclusions from this research and finally Chapter 6
outlines the future work and recommendations. Appendix A documents the MATLAB code used
to plot the tensile stress-strain curves and Appendix B provide additional SEM images of the

microstructure of the three different blended powders.



2 Background on Performance Testing and Modelling

2.1 Testing of MMC coatings for wear applications

The improvement in the wear performance of mechanical equipment due to surface
modification is primarily characterized via experiments, which predominantly describe the wear
resistance/wear rate of the MMC coating under controlled testing. Standard test methods such as
ASTM G65 for abrasion resistance, as shown schematically in Fig. 4 (a) [29], and ASTM G99
for the pin on disc test, also shown in Fig. 4b [30], are the most prominent standard wear tests for
coating materials. Most researchers [15, 28, 31-39] conduct these tests to characterize the wear
performance of MMC coatings and quantify the wear rates of the coatings undergoing abrasion

and erosion testing.

Sand

Rubber Rim

Weight

(a) (b)
Figure 4: Test assemblies for (a) the ASTM Standard G65 [29] and (b) the ASTM Standard G99

tests [30].



The standard test methods are useful for comparing the performance of a particular MMC
coating based on a chosen benchmarked performance parameter, which is generally material loss
during the tests [41]. The tests produce data that can be used to establish relationships between
mechanical properties such as hardness and toughness and the measured material loss on a macro
length scale. Visual assessment and characterization of the wear scars of the tested samples may
be useful to predict the failure mode of the MMC coating from three foundational failure
mechanisms of MMC coatings, namely: 1. brittle fracture of the particle reinforcement due to its
lower toughness; 2. failure of the metal matrix due to the ductile failure of the binder metal; and
3. failure at the interface between the reinforcing particle and the metal matrix [31, 34, 42-45].
Moreover, the results from the standard tests are used as input parameters into numerical models

of the performance of the coatings and to validate other models [33].

2.2 Introduction to modelling of mechanical properties

The experimental characterization of MMC coatings is essential; however, there are major
drawbacks. These standard tests are limited by the test assemblies and the abrasive media, if any,
that are used to induce wear in the coating materials; this may not be truly indicative of the
multi-faceted wear mechanisms that occur in practice [36]. Moreover, the laboratory experiments
are arduous and expensive to perform. These limitations and constraints on experimental testing
of the MMC coatings warrant the need for modeling of the mechanical properties and behavior
of the MMC coatings in order to understand the wear performance of coatings better under

various applied loading conditions [32, 33, 35].
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Several factors have motivated the desire to pursue modelling studies of particle-reinforced
metal matrix composite coatings. As noted by Holmberg, et al. [32, 33], modelling of MMC
coatings reduce the time required to develop a tailored microstructure, provide more in-depth
insight into the mechanical properties, and allows to study the complex wear removal processes
of the coatings. Also, according to Qing [34], virtual tests enable researchers to load a composite
material multi-axially, as well as study the detailed microscale stress-strain fields and failure
evolution in the coating, which may inform on the development of architectured microstructures.
Today, numerous successful applications of MMC coatings for wear resistance in the Aerospace
industry [9, 31], Defense industry [9, 13], Oil and Gas industry [3, 15], and in Cutting Tools [27,
41] are described in the literature. Therefore, a brief overview of the model development of the

mechanical behavior of MMC coatings to is presented in this section of the thesis.

2.2.1 Empirical models

The empirical models have been developed in an effort to provide estimates of and
predict the mechanical properties (e.g., hardness [15], and elastic modulus [44]) of MMC
coatings. The seminal modelling of the mechanical properties of MMC coatings was undertaken
by Garrison [37] and Axen and Jacobson [39], where they proposed “bounds” on the effective
hardness of the MMC, assuming either iso-strain condition per the Voigt model of Eq. 1a, or iso-

stress condition per the Reuss model of Eq. 1b. Equations 1a and 1b are given as,

Hupper = err + vam > (la)
-1
v v
H — r o _m , lb
lower (Hr Hm j ( )
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where, H (kg mm™) represent the hardness value and the subscripts upper and lower in A
represent the upper bound and the lower bound of hardness, respectively. H, and H _ are the

hardness values of reinforced and matrix phases, and v, and v, are the volume fractions of

reinforced and matrix phases, respectively.

Based on the similar approach of a linear combination of material properties, the classical
bounds for the quantification of wear were proposed. The proposed linear rule of mixtures
(Equation 2a, Upper bound) and the inverse rule of mixtures (Equation 2b, Lower bound) were
based on the continuum mechanics approach, neglecting the field fluctuations at the
microstructural level [42]. Further, these equations were overly simplified regarding the
constituent’s contribution towards wear resistance and are valid only if the abrasive wear rate of
constituents is proportional to the applied load [39]. These relations are equivalent for the

estimation of both mechanical properties and wear.

W, _.=vW+v W._, (2a)

upper

(2b)

where, W (mm3N“m“) represent the wear rate and the subscripts upper and lower in W

represent the upper bound and the lower bound of wear rate, respectively. W. and W_ are the

T
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wear rate values of reinforced and matrix phases, and v, and v, are the volume fractions of

reinforced and matrix phases, respectively.

In 1994, Axen, et al [39] reformulated the Archard’s equation to explain the
experimental Pin-on-disc test results for the MMCs. The equation is based on assuming the wear
rate of metal to be proportional to both applied load and sliding distance of the pin. This
assumption is further extended for composites by considering the equal wear (EW) and the equal
pressure (EP) theories. A state of EW in a composite is a preferred wear state as both phases of
the MMC worn in parallel providing the maximum possible resistance. So, this provides the
upper bound estimation of wear resistance or the lower bound estimate of wear rate. Similarly, a
state of EP, which assumes of uniformly distributed load over the composite, provides the lower
bound for wear resistance. In this, the reinforcement contributes minimum towards wear
resistance as it shares a lower load due to its less effective area in the composite. Figure 5 shows
that for an EW state, the specific resistance of the silicon carbide reinforced aluminum MMC in
a pin on disc test is higher than the corresponding wear resistance in an EP wear condition.
Corollary, wear rate for the silicon reinforced aluminum MMC is higher in an EP condition than
the wear rate in EW condition. The detailed mathematical derivation on these theories may be

found in the paper by Axen, et al. [39].

The empirical models are frequently used and in a recent study to characterize the wear
performance of low-pressure cold spraying manufactured coatings, Lee, ef al. [28] showed that
Hardness is one of the main factors in determining the performance of the composite coatings in
wear tests. This was also observed by Melendez, et al. [25, 26], Gant, et al. [35], and Axen, et al.

[39] while studying wear rates of composite coatings. Lee, ef al. [28] showed that by increasing
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the hardness of the coating, the wear rate decreases (see Fig. 6). Figure 6 shows the Hardness

versus wear rate plot for three different MMC coatings fabricated by low-pressure cold spraying

unit.
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Figure 6: Hardness versus wear rate plot for a standard ASTM G65 test with three different
MMC coatings fabricated by low-pressure cold spraying unit [28].

Thus, based on the reported experimental work on MMC coatings, it may be assumed that the
hardness of the coating determines the wear performance of the coatings. However, the results
from Holmberg, et al. [33] for a wear test found mild correlation with the hardness of the particle
and the matrix. Thus, characterization of wear based on a single mechanical property like
Hardness could be misleading or overstated. In addition, researchers [42-44] noted that the
composites behave differently than from continuum analysis due to the non-linear mechanical
properties mismatching at the interface. Also, Torrance [36] points out that the wear resistance of
a composite is a function of the shape of the abrasive particles with angular particles causing
more wear than the rounded abrasive particles. Today, there is a common consensus among
researchers [9, 31, 32, 42-47] that, in fact, the macro response of the multiphase materials is
governed by the microstructural features such as shape, size, mean free path, and orientation of
particles and the models need to incorporate these to predict the mechanical response accurately
(see Fig. 7). As an example, Figure 7 shows that the model (left side in figure) deprived of the
microstructural features, results in the averaged stress field response on the macro scale under
the indentation load. Further, the model (right side in figure) which incorporates the
microstructure of the material shows the stress concentration at the interface of the matrix and
the reinforcement. This stress mismatch at the interface may result in interface debonding which

is one of the main failure mechanisms as discussed previously.
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Figure 7: Difference between the stress field, (left) from a model devoid of microstructural
properties; (right) to a model accounting for microstructural properties for an indentation test

[17].

As discussed, there are numerous criteria established for specifying the bounds (for
example, Voigt model and Reuss model [37, 39]) that are available in the literature to estimate
the mechanical properties like hardness and elastic modulus of the MMC. Even though the
theoretical simplicity of these models is attractive, but they are not the correct representation of
the actual mechanical behaviour of MMC composite. So, to incorporate the microstructural
features, according to Chawla, et al. [9], this leads us to have simulations rather than empirical

models.
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2.2.2 Numerical simulations

To understand better the influence of microstructural features on the macro-response of
MMC coatings, there is a growing trend among researchers to model the MMC coatings
numerically [9, 32, 33, 42-51]. This understanding of micro-macro relationship may lead the
researchers to determine the critical variables that affect the mechanical response of the MMC
coatings. Though there is no explicitly available numerical model for cold sprayed fabricated
MMC coatings, there are a few related works on modelling the behavior of ceramic-metal
materials in other disciplines (e.g., thermal spraying [32], laser cladded MMC coatings [33], to
name a few). In this section of the thesis, we review some previous work on microstructure and
physics-based modelling on ceramic-metal materials and make links to sprayed MMC coatings

where applicable.

For numerical simulations, the heterogeneity of the MMC in the geometry may be incorporated
in the models through generation of randomly distributed particles, which is mainly achieved via
two methods [47]. The first method is the tessellation of 2-D or 3-D images of MMC
microstructure [47] and second, via Representative Volume Element (RVE) - a statistical
equivalent of the microstructure (see Fig. 8) [9]. Figure 8 shows the different shapes of the
reinforcing particles that may be incorporated in the metal matrix (suppressed in figure). Here,
the volume fraction of the reinforcing particles may be calculated using the image analysis of the
microstructure, for example, election microscopy imaging [47]. Though more realistic, the
intended application range of the first method is limited due to the computational time efficiency

because the whole meshed body is solved numerically instead of its statistical equivalent [47]. In
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contrast, the second method of generating RVEs or unit cell model gained popularity due to its
computational time efficiency as a result of a smaller number of meshed parts to be solved
numerically and is employed to understand the response of the composite undergoing mechanical
loading [42, 47]. Further, the selection of the length scale of the RVE is of paramount
importance. It should be small enough to be computationally efficient and large enough to
accurately represent the microstructure [42, 43]. As noted by Holmberg, et al. [32, 33], these
ideal microstructures without considering defects and voids may provide the first insight into the

critical/dominating parameters on the mechanical response.

In order to compute the macro-structural behaviour of the multi-phase composites, the
RVE is assigned to each macro point of the structure and is discretized using the finite elements.
The microscopic stresses and strains in the RVE may be computed from a known constitutive
equation and subsequently, macro stresses and strains are defined as the volume averages at the
equilibrium. The following section provides an overview of the most relevant constitutive
equations work from the literature to describe the mechanical response of ceramic-metal

materials.

Loading axis Loading axis Loading axis

Figure 8: Representation of the RVE’s with different shapes of the reinforcing phase: (from left
to right) angular; ellipsoidal; and spherical [9].
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2.2.2.1 Asymptotic homogenization

Stresses and strains at the micro and macro level may be computed using the asymptotic
homogenization. This technique is derived in [43] and is mainly employed for the periodic
structure but may also be extended to nonlinear case. Figure 9 shows the periodic structure with
distinguished macroscopic and microscopic length scales. In the figure, the macroscopic length
scale is in the order of magnitude of dimension of heterogeneous body and microscopic length
scale scales the constituents of the heterogenous body. The macroscopic or the global coordinate
vector, x, is related to microscopic or the local coordinate vector, y, according to Eq. 3, where
is the ratio of the scales.

X
y==
K

3)
It follows from Eq. 3 that, as x tends to zero, the solution using the asymptotic technique
for the periodic body is also applicable to the heterogeneous body. This is because when a
macroscopic point in a heterogeneous body is zoomed in to reach the level of its constituents, the
homogenization problem effectively reduces to same solution as of single particle

homogenization.

To formulate the constitutive equation using the asymptotic technique, consider a
heterogeneous body, Q, defined by the balancing Eq. 4, constitutive Eq. 5, strain by Eq. 6, and

boundary condition by Eq. 7 [43],
o, (x)+1(x)=0, (4)

19



00000
OO0
t [OO000| ™t
00000
OO000
OOO00
elelelele

X2

X1 R

Figure 9: Two distinguished length scales: (left) Macroscopic scale, x; and (right) microscopic

scale, y [43].

G; (x)= a;kl ()e, (u(x)), (5)
€, (0 (¥) =3 (!, () +at, () and ©)
o;(x)n, =0 on 0C) and  u’(x)=0 on 00, @)

where u is the displacement vector, ¢,(u®(x))is the linearized strain tensor, o;;(x) denotes the
stress tensor, ag,(x) is the tensor of elasticity. Further, Eq. 8, Eq. 9, and Eq. 10 follow from the

assumption that the mechanical response of the body is considered similar to the corresponding

mechanical perturbation of the material properties of the body [43]; hence,

w(x)=u’(x)+eu' (x, p) + & (x, )+ X,Y) (8)
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o’ (x)=0’(x)+&0'(x, y)+ o’ (x, Y)+-e- (x,7) 9)

e’ (x)=e(x)+ee'(x, ) +&7e*(x, y) +--- X,) (10)

Performing the chain rule as defined by Eq.11 while considering the assumptions from Eq. 8 to
Eq. 10 in Eq. 4 to Eq. 6, the terms of different orders are separated. For equilibrium, same
powers of ¢ are equated to zero. Further, after mathematical analysis as shown in [43], the

constitutive Eq. 9 modifies to new constitutive Eq. 12, Eq. 13, and so on, given as,

d o 10 1
El = (g + ;f)z =l +;’m (11)
0,3 (%, ¥) = ay, (¥)(ey (u”)+ Cu(y) (u") (12)
O',;],- (x, )= A (y)(ekl(x)(ul) + ekl(y)(uz)) (13)

Once the constitutive equation is formulated, the variational formulation of the
asymptotic homogenization [43] may be numerically solved using the finite element software.

Also, the macro stresses ¢ , may be calculated by the volume average of Eq. 12. Thus, the

effective constitutive equation for macroscopic scale is given Eq. 14,

¢ wCu (uo), (14)
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where a;’.,d is the effective material coefficients of the homogenized body. This approach was

used to asymptotically homogenize the Nb3Sn strands embedded in bronze matrix, which was
further embedded in the copper matrix [43]. It was shown that the computed and the measured

residual strains are in good agreement with each other [43].

2.2.2.2 Mean Field Approach

Mean field approach computes the microscopic stresses and strains in the RVE by the
homogenization of the heterogeneous structure at the microscopic scale. Here, the
homogenization refers to a method of conversion of the heterogeneous composite to a
homogeneous material that has the same effective material properties when subjected to similar
boundary conditions. For heterogeneous material, i.e. inclusion with different elastic properties

than the matrix, the foundational framework of homogenization was provided by J.D. Eshelby.

In 1957, Eshelby [52] provided a solution for the constrained strain, &(x), for a single

inclusion embedded in an infinite solid. The Eshelby solution approach consists of the following
steps. First, from the considered infinite solid body with uniform stiffness Co,, an ellipsoidal
inclusion with uniform stiffness, Ci, is removed and allowed to undergo the stress-free strain, E.
Secondly, the strained inclusion is brought back to its original position with the application of a
surface traction force and the inclusion is welded back in the initially removed cavity, which
comprises of a surface, S. Thirdly, the traction forces on the composite body, spread over the

surface is neutralized with the force of the same magnitude as that of surface traction force, over
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surface S. The application of this force would free the body from external forces and make the

body to undergo self-stress state caused by the transformation of inclusion.

Eshelby found that the stress-free strain is uniform for the ellipsoidal volume, (/), and is

linked to the constrained strain, £(x), as [52],

e(x)=B°(,C,,C)):E, vxe(]), (15)
where, B? is the strain concentration for the single inclusion and is given as,

_ -1
B°(1,C,,C) ={I+<(1.C,):C, " :[C, - C,]} (16)

where ¢(1,C,) is the Eshelby’s tensor.

Similarly, further developing the approximate Eshelby solution, Mori-Tanaka in 1973
[53] provided the homogenization of the multi-inclusion problem. Physically this model assumed
that the field in a particular inclusion in a multi-inclusion matrix is independent of the field due
to its neighboring inclusions. Now, provided the local analysis is complete, the macroscopic

(average) stress, G, and macroscopic strain, e;, may be computed by integrating the local stress

and local strain over the volume, V, of the body, using Eq. 17 and Eq. 18.

_ 1
5, =;IVal.jdV (17)
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_ 1
ey=;IVeUdV (18)

Though the above homogenizations models may be solved numerically, they do not consider the
effect of microstructural features such as porosity, shape, size, and orientation of the particle

phase in the composite on the macroscopic response of the material.

Another material model providing the macro-stress state of the MMC with the
incorporation of microstructural features is the Gurson model, developed in 1977 [54, 55]. The
Gurson model is used to predict the ductile failure of the material. The ductile failure is due to
the microvoid nucleation and growth, which in model is controlled by the user defined
nucleation parameter and geometry of void. Figure 10 shows the graphical representation of the
RVE consisting of the ellipsoidal void. In the Gurson model, these voids are assumed to be
spherical and they do not undergo shape change in the analysis. Though, the model considers the
microvoid nucleation and growth, it may not predict the coalescence of the voids. This is due to
the assumption of homogeneous deformation of the material. In addition, the amount and onset
of the nucleation of voids in Gurson model is a user input parameter [55]. Further, according to
Zhang, et al. [55], for a strain-controlled experiment, the nucleation rate of voids may be given

as Eq. 19 and during plastic deformation, growth rate of voids is computed as Eq. 20,

dfl;ucleation = f;' (EP )dgp s ( 1 9)
where
o = (1= f)de” 2 1, (20)

24



where f, is the void nucleation intensity, and €" is the equivalent plastic strain during plastic

deformation, €”is the plastic strain and I is the second order unit tensor. The theoretical

framework for the derivation of the constitutive equation [55], Eq 21, is provided in [49, 56].

2

¢(%O_-afao_1v1): 1 +291f005h(3q22%]_1_(q1f)2 =0 (21)

—2
o

where f is the void volume fraction, ©,,is the mean normal stress, ¢ is the conventional von

Mises equivalent stress, & is the flow stress of the matrix material, and q1 and g2 are constants.

To consider the effect of shape change and rotation of the voids for elasto-plastic porous
materials, the constitutive models like variational (VAR) and modified variational (MVAR) [49,
56] are available. The detailed derivation of the constitutive equation for the MVAR is derived in
[56]. It was shown that the prediction of the microstructural evolution (void volume, aspect ratio,
and void rotation) for an elasto-plastic porous material is in good agreement with the tensile test

data results of a high strength steel [56].
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Figure 10: Graphical representation of the RVE consisting of the ellipsoidal void with a1, a; and

a3 as the semi-axis [55].
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In general, various attempts to simulate the quasi-static response of particle reinforced
composites were made in the past and readers are directed to [42—50, 56]. In most of these
models, the two phases of the composite are treated separately with the assumption of perfect
interfacial bonding. However, as stress fields interact at the level of the microstructure [57—-60]
and as noted by most of the researchers [43,45, 47, 57-60], interface decohesion is one of the
primary failure modes in MMC materials. So, to incorporate the effect of interface decohesion,
the interface may be modelled using cohesive elements [47, 59, 60]. In theory, these cohesive
elements circumscribe the reinforcement with a user-defined thickness. So, instead of assuming a
perfect bonding between the particle and the reinforcement, Finite Element software enable the
definition of a failure criteria for these cohesive elements. These failure criteria may be based on
either critical stress or critical strain [45, 47]. Although the advancement of this approach is
promising to model the interface, it is restrained due to lack of availability of the interfacial
mechanical properties. Huang, et al. [45] have explored this by either assuming the average of
mechanical properties of MMC constituents or by varying the mechanical property values
ranging between the constituent’s properties for the cohesive elements. Based on available
literature [45], it may be inferred that a high elastic modulus of cohesive elements favours the
fracture of the interface while a low elastic modulus of cohesive elements leads to a significant

strain of the RVE.

In 2014, Holmberg, et al. [33] reported the computational wear model for the thermal
sprayed WC-CoCr coatings and laser cladded WC-NiCrBSi coatings. The modelling results were
achieved by three different models. First, to understand the general material behaviour, the

synthetic model was defined. This model was characterized by the ideal microstructure such that
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there were no defects in the material. The computational analysis from a synthetic model may
represent the baseline of the material performance. Second, defects such as porosity, voids, and
pre-existing cracks were introduced in the synthetic model and the interaction in defects was
considered in what they named as the advanced synthetic model. Third, to obtain the stress-strain
response under the actual loading, SEM images were discretized and coupled with constitutive
equations to solve the formulation; method coined as the real image method. Table 1 shows that
for the thermally sprayed WC-CoCr coatings, defects such as porosity and cracks have the most
deterimental effect on the wear resistance of the coating as it may lead to the earlier onset of the
failure. Also, matrix elasticity was shown to be least effecting the wear of the modelled coating.
Further, Holmberg, et al. [32, 33] reports that for an indentation test, the developed
micromechanical model was in good correlation with the experimental data; however, the results
of the virtual scratch test were not in an agreement with the actual scratch test results. As noted
by Holmberg, et al. [32, 33], this deviation is explainable as the model does not consider the
effect of material detached from the contact surface and the effect of surface roughness during
the scratch test. This suggests that to effectively simulate the dynamic wear problem the

following simplifications are to be minimize.

For simulating the mechanical response of the MMC coatings, several assumptions are
made in microstructure such as simplifying the shape and orientation of the particles to make the
analysis simple and computing efficient [40]. According to [36, 61], the realistic wear simulation
needs to consider the three bodies boundary condition in the model. Unlike two bodies, where
abrasive particles only roll over the surface, in three bodies, the abrasive particles roll as well as

cut the surface. Thus, three bodies wear problem formulation includes more variables and is in
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general challenging to model. Also, Abedini, et al. [48] notes that while the MMC is under
experiment, the load carrying capacity of the removed carbide does not go to zero, as assumed by
[31, 40], instead cracked particles absorbs the load from the matrix. These assumptions in the
formulation of mechanical response under various loading conditions demand more research to
further look into the sources of uncertainty and phenomenon to be explained by new and better

models.

Extensive studies and research activities have been conducted on the modelling of
mechanical properties and performance of particle reinforced metal matrix composite coatings
[31-33, 42-51]. Initially most of the research on how different constituents of the composite
impacts the performance was focused only on experiments and researchers proposing the
theories of effective bounds of the selected material property [31, 37-39]. However, with the
advancements in computing technology, it is now possible to virtually generate both 2-D as well
as 3D microstructures [32, 33]. These models with different model sizes and tailored
microstructural features may be solved numerically [32, 33, 40]. Although researchers have
shown that simulations are time efficient and lead to better prediction of mechanical response of
MMCs, the models are still far from the correct representation of the wear problem to

incorporate the contact and boundary conditions.
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Table 1: Effects of coating properties and microstructural features on the mechanical behaviour

and wear resistance. The “+” symbols represent the relative weight of each parameter [32].

Effect on Effect on
. Comment
stresses strain
Matrix elasticity + + Considering matrices able to deform
Matrix hardness ++++ +++++ Considering matrices able to deform
Part.lc.le e n Assuming particle ela§tlclty greater
elasticity than matrix
Particle Sia 4o Assuming particle ela§tlclty greater
hardness than matrix
Particle size +++ +++ In the investigated range
Particle P e Imaging derived r.esults—based
morphology conclusion
Particle e b Effect can be local
clustering
Mean free path -+ -+ -
Porosity” -+ -+ Effect can be local
Defects” - -+ Effect can be local

“Defect=crack, porosity with very high aspect ratio.
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2 Experimental Method

2.2 Feedstock powder and substrate

To fabricate the MMC coatings, a mechanical blend of three different powders was prepared.
The selection of the constituents of the feedstock powder was based on wear resistance
characteristics of the final coatings. Melendez, et al. [26] and Lee, ef al. [28] have already shown
that the wear resistance of the cold sprayed WC-Ni was remarkable. Therefore, commercially
available Ni (N5001, CenterLine Ltd., Windsor, ON, Canada) powder was selected as the
powder to form the metal matrix and WC (WC-8245, Pacific Particulate Materials Ltd., Port
Moody, BC, Canada) powder for the hard-reinforcing phase. The size distribution of the as-
received Ni powder was -45+5 um (5 to 45 pum), and that of WC was -270 mesh (-53 um).
Figure 11 and Fig. 12 shows the morphology of the powder particles. As observed from Fig.11,
the WC particles are angular with sharp edges, and Ni particles are highly dendritic in structure

(see Fig. 12).

To maintain the quality and reproducibility of the coatings, the powders were deposited on
the substrates as used by Lee et al. [28], i.e., low carbon steel. The roughness of the substrate is
an important factor determining the adhesion strength between the coating and the substrate [13,
21]. Therefore, prior to the deposition of feedstock powder, the low-carbon steel substrates were
grit-blasted using the grit blaster. An alumina-based abrasive media (#24 alumina grit, Manus
Abrasive Systems Inc., Edmonton, AB, Canada) was fed to the grit blaster at a 90-psi pressure

provided by the building system.
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Figure 12 SEM image of powder morphology of Ni [28]
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2.3 Cold spray deposition

The prepared feedstock powder was fed to a low-pressure cold spray system (SST series P,
CenterLine, Ltd., Windsor, ON, Canada) to deposit the powder on the substrate. To accelerate
the feedstock powder, compressed air at 634 kPa was used as the working fluid. The cold spray
gun was mounted on an automatic robot (HP-20, Motoman, Yaskawa Electric Corp., Waukegan,
IL, USA) to enhance the powder deposition quality and achieve repeatability in coating
fabrication (see Fig. 13). The use of the robot ensured a constant stand-off distance between the
spray nozzle and the substrate. The robot was programmed to raster in the linear direction with a
fixed increment in the in-plane perpendicular direction at the end of the substrate. The cold spray
system parameters for the powder deposition parameters were selected from the previous work

of Lee, et al. [28]. These parameters are summarized in Table 2.

Table 2: Cold spray deposition parameters

Process Parameter Value
Process Gas Compressed air
Compressed Air Pressure 634 kPa
Compressed Air Temperature 550°C
Stand-off Distance 5 mm
Nozzle velocity 5 mm/s
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Figure 13 Cold spray gun mounted on the HP-20 Motoman robot

2.4 Coating characterization

To conduct the microscopic diagnostic of the coatings, the cross-sectioned coating samples
were cold-mounted in an epoxy resin (Allied High Tech Products, Inc., Rancho Dominguez, CA,
USA). The prepared epoxies were grounded using the 240, 360, 400, 800, and 1200 grit silicon

carbide paper (LECO, Mississauga, ON, Canada) and further polished using 3 um and 1 um
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diamond slurries (LECO, Mississauga, ON, Canada). Scanning electron microscopy (EVO 10,
Zeiss, Cambridge, UK) was used to characterize the microstructure of the coatings. The SEM

was operated with the acceleration voltage set at 20 kV and a working distance of about 7 mm.

The captured images from the SEM were used to characterize the WC particle content,
porosity, particle-matrix interfacial area, average particle size, and mean free path between the
reinforcing particles in the coatings. These measurements were facilitated by the ImagePro
software (ImagePro, Media Cybernetics, Bethesda, MD, USA). To calculate the WC particle
content in the coatings, a built-in function (Count) in ImagePro software was used. The count
function identifies WC particles as entities that are brighter or darker than a set intensity. The
count function estimates the area of the WC particles, which was further used to estimate the

vo0l.%.

The micrographs were utilized to measure the mean free path between the reinforcing WC
particles, which is illustrative of the distance between the nearest WC particles. The mean free

path was determined by utilizing Eq. (22), defined as, [64]

A=—" (22)

where v; is the volume fraction of the reinforcing WC particles and Nv is the number of particle
intercepts per unit length. To calculate N1, five different lines were drawn on the SEM image and
number of particles intercepted with the drawn lines were manually counted. The average

particle size of the reinforcing WC particles was appraised using the in-built function (Area
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(polygon)) in ImagePro software. The average size of the particle was estimated by calculating
the average size of at least fifty particles per area of interest. Thus, the standard deviation in the
data of average particle size shows the standard deviation of the average of particle size instead
of the standard deviation of particle size. The particle-particle interfacial area was calculated
using the in-built function (Perimeter) in ImagePro software. For all the calculations of the
microstructure, at least five SEM images were studied with at least five areas of interest per SEM

image (n = 25).

2.5 Digital image correlation

In this study, the strains in the tensile specimens were computed using the DIC technique
[65, 68]. Considering this technique novel in the field of coatings, a summary is provided here.
To perform DIC and calculate the strain fields, an in-situ capturing of the deformation of the
samples was done using a Promon U750 High Speed Camera (AOS Technologies AG,
Taefernstrasse 20 CH-5405 Baden-Daettwil, Switzerland). The video was recorded at 100
frames/s and full resolution of 1280 % 1024 pixels. The recorded video was utilized to obtain the
time stamped images and were loaded in the DIC software, Vic 2D 6 [67]. To generate reliable
data from the DIC, a high-quality speckle pattern is a prerequisite. To generate the speckle
pattern on the specimens, an ultra-fine Harder and Steenbeck Infinity airbrush was used. The
diameter of the spraying needle was 0.15 m. The quality of the speckle pattern is shown in Fig. 14 (a)
and as observed; the speckle pattern is highly contrasted. This quality was also evident from the Vic
2D software, where the computer suggested subset size was between 15 X 15 and 25 x 25 pixels. To

achieve this high contrast, high intensity LEDs were used to obtain high brightness. In the
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software, an area of interest (AOI) is defined on the specimen for which strain fields are to be
calculated (see Fig. 14 (b)). The AOI is further subdivided into smaller areas called subsets.
These grids formed by the subsets is then digitally tracked by the software in the subsequent time
stamped images of the experiment [68]. The failure strain as calculated from the DIC is then
matched with the failure stress from the MTS machine and then all the corresponding tensile

stresses and strains are reconciled to obtain the final tensile stress-strain curves.

(a) (b)

Figure 14: (a) Image presenting a typical speckle pattern on the surface of the tensile specimen.
(b) Image showing the AOI for which the average axial strains and lateral strains were
calculated. Each smaller square in the AOI represent the subset of the grid, which was digitally

tracked by the Vic 2D.
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2.6 Tensile testing

The tensile testing was conducted on the Material testing system (MTS 810, MTS Systems
Corporation, Minneapolis, MN, USA) located in the machine shop of the Department of
Mechanical Engineering at the University of Alberta (see Fig. 15). Prior to tensile testing, tensile
test coupons were prepared from the fabricated WC-Ni MMC coatings (see Fig. 14). This was
accomplished by cutting the coating samples using a wire-based electrical discharge machine
(Agie Progress V4, Agie, 1242 Satigny, Switzerland). The gauge dimensions of the samples (25
mm x 6 mm x 1.2 mm) were prepared according to the ASTM Standard E8/E8§M-13a [69]. The
standard advises the minimum dimensions that are required to generate the plane strain condition
in the samples undergoing tensile loading. The tensile specimens were loaded in the quasi-static

regime at a loading rate of 0.001 mm/s.
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Figure 15: Image of the MTS machine that was used to conduct the tensile tests. The arrow
shows the Promon U750 high speed camera that was used to capture the deformation video to be

used as an input to DIC.
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3 Results and Discussions

The focus of this thesis was to quantify and assess the mechanical properties of cold-sprayed
WC-Ni MMC coatings. The effect of WC wt.%, particle-matrix interfacial area, particle-particle
mean free path, average particle size, and porosity of the coating on the tensile strength and
Young’s modulus of the coating was also explored. Further, mechanical energy absorbed to
failure and damage in the coatings was quantified and used to explain the significant

improvement of the coatings consisting of the content of WC beyond 30 wt.%.

In this chapter, the results are presented in the following order: 1. Characterisation of the
WC-Ni coatings fabricated by the cold spray; 2. Tensile stress-strain response of the cold
sprayed coatings, including the Young’s modulus, the tensile strength, the strain to failure, and
the toughness of the coatings; 3. Exploration and discussion of the observed phenomenon of the
strengthening of MMC with an increase in the content of WC wt.% and refined microstructure.
This chapter also explores the preliminary results of modelling the tensile mechanical response

of the tested coatings.

3.2 Deposition of cold-sprayed WC-Ni powder

Figure 16 shows the cross-section of the successfully deposited feedstock powder. The
feedstock powder comprises of three different powder blends of WC and Ni, based on the 50, 71,

and 92 wt.% of WC. For the identical coatings that were fabricated by Melendez, ef al. [26] and
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Lee, et al. 28], they noted that the bright objects in the Fig. 16 corresponds to the deposited WC
particles while the darker area corresponds to the Ni metal matrix. As observed in Fig. 16, with
an increase in the content of WC wt.% in the feedstock powder from 50 wt.% to 92 wt.%, there
is an increase in the content of WC in the coating as well (compare Fig. 16 (a) and Fig. 16 (c)).
The increase in the content of WC in the coating was further confirmed from the calculated wt.%
in the coating from the image analysis. This was plotted and shown in Fig. 17. The calculated
data confirm that with an increase in content of WC wt.% in the feedstock powder, there is an
increase in the content of WC wt.% in the coating. For example, WC wt.% increases from
approximately 6 wt.% to 35 wt.% in the coating as the WC wt.% in the powder blend increased
from 50 wt.% to 92 wt.%. This is because, with an increase in WC wt.% in the powder blend, a
greater number of particles impinge the substrate and previously deposited layers and hence
more WC gets deposited and embedded in the metal matrix [12, 19, 20]. Further, Fig. 16
suggests that the distribution of the reinforcing particles in the metal matrix is heterogeneous as
they are non-uniformly distributed in the metal matrix. This is due to the characteristic of cold
spraying process by which the composites were prepared. Due to the inherent non-uniformity in
the acceleration of particles in the cold spray process, the impinging particles bond to the
substrate at random locations and hence produce the heterogeneity. This was also noted by Lee,

et al. [28] while fabricating the cold spray WC-Ni MMC coatings.

However, Fig. 17 also indicate that a lower WC wt.% got deposited in the coating than
present in the initial feedstock powder blend. For example, approximately 35 wt.% of WC was
deposited when 92 wt.% of WC was in the powder blend (see Fig. 17). Irissou, et al. [12]

explained this phenomenon by considering that the hard WC particles do not deform plastically
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on their impact with the substrate and hence their inability to adhere to the substrate. Thus, a
lower amount of WC, which is entrapped by the Ni particles is retained in the coating. This was

also confirmed by Lee, ef al. [28].

()
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Figure 16 Cross-sectioned SEM images of the fabricated MMC coatings with powder blend of
(a) 50 wt.% WC + 50 wt.% Ni, (b) 71 wt.% WC + 29 wt.% Ni, and (c) 92 wt.% WC + 8 wt.%

Ni.
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Figure 17 Curve of reinforcing WC particle content in the coating versus WC particle content in

the feedstock powder (weight percentage).
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3.3 Tensile testing

Figure 18 shows the tensile stress-strain curves for the tested cold sprayed WC-Ni MMC
coatings. The content of WC wt.% in these coatings varies from approximately 6 wt.% to 40
wt.%. The legend shows the corresponding content of WC as the wt.% in the coating. The slope
of the curves in Fig. 18, which is equivalent to the Young’s modulus, was determined by
calculating the slope of the curves at approximately 0.016% strain. Table 3 documents the
calculated values of the Young’s modulus. Table 3 indicates that Young’s modulus of the tested
coatings increases with an increase in the content of WC in the coatings. A similar trend was also
observed for the tensile strength, the failure strain, and the mechanical energy absorbed to failure
of the coating, which is equivalent to toughness. The mechanical energy that was absorbed to
failure was determined by calculating the area under the obtained tensile stress-strain curves (see
Fig. 18). Numerous scientists have likewise noted an improvement in the mechanical properties
with an increase in the content of the reinforcing phase in the MMC [9, 22, 26, 32, 33, 3640,
70-72]. They attributed this improvement to refinement in the microstructure of MMCs with an

increase in the reinforcing phase [9].

As detailed in Chapter 2 of this thesis, similar to the approximation of effective hardness of
the composite, the first approximations of the Young’s modulus of the cold-sprayed WC-Ni
MMC coatings may be calculated by assuming either iso-strain condition per the Voigt model
(Eq. 1a, Upper bound) or iso-stress condition per the Reuss model (Eq. 1b, Lower bound) [15,
44]. Using the bulk material Young’s modulus of Ni and WC as 220 GPa [17] and 691 GPa [83],

respectively; the estimated Young’s modulus of cold-sprayed WC-Ni MMC coatings is shown in
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Table 3. Table 3 indicates that the experimental Young’s modulus is outside the bounds as
predicted using the Eq. 1a and Eq. 1b. For example, the predicted Young’s modulus for 37.78 +
0.04 wt.% WC coating is between 266 GPa to 340 GPa. However, a lower value of Young’s
modulus of 247 GPa was observed experimentally. The lower value of experimental Young’s
modulus may be due to the characteristic of the cold spray fabrication process or the deviation as
explained by Chawla, et al. [9] and Lee, et al. [31]. They attributed the deviation to the
simplicity of the physics in these equations and the inability to incorporate the microstructure of
the composites [9, 31]. Chawla, et al. [9] have demonstrated that microstructural features, for
example, shape, size, particle-particle mean free path, and many others in an MMC
fundamentally influence the full-scale mechanical response of the composites. According to Lee,
et al. [31] these estimations do not consider the effect of constituent’s fracture toughness and
particle-matrix interfacial properties, recognized to influence the overall mechanical properties

of the composite.

Gustafson, ef al. [74] and Lee, et al. [75] noticed that the particle-particle mean free path
impacts the yield strength of the MMC. Likewise, Kouzeli, et al. [64] showed a critical
improvement in the hardness of MMC coatings that had particle-particle mean free path under 10
um. This was also affirmed by Hodder, et al. [24] who demonstrated that for Al>2O; reinforced
MMC coatings, a reduction in mean free path, augmented with dislocations, brings about higher
hardness estimations of low-pressure cold sprayed coatings. Further, the impact of grain size on
the strengthening of metals and failure of brittle materials have been considered extensively, and
connections, for example, the Hall-Petch and Griffith criteria have demonstrated that the strength

of metal increments with a diminishing in the grain size of the metal [76]. Hence, the impact of
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microstructure on material and mechanical properties of multiphase materials is broadly
recognized and is one of the primary perspectives in the designing of MMCs with improved
performance. An essential and comprehensive understanding of the mechanical behaviour of
cold sprayed coatings under external loading and the association between the microstructure of
the coating and the mechanical behaviour is yet deficient. Therefore, the strengthening of cold
sprayed WC-Ni MMC coatings with an increase in the content of WC wt.% and refinement in

the coating microstructure is detailed further.
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Figure 18: Tensile stress-strain curves of the cold-sprayed MMC coatings fabricated from (a) 50
wt.% WC + 50 wt.% Ni powder blend, () 71 wt.% WC + 29 wt.% Ni powder blend, (¢) and 92
wt.% WC + 8 wt.% Ni powder blend. The final wt.% of the reinforcing WC particles in the
coating is as indicated on the plot.
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Table 3: Mechanical properties of the cold sprayed WC-Ni MMC coatings- Young’s modulus,

tensile strength, failure strain, and toughness.

Young’s
) Young’s modulus . .
wt.% WC in o Tensile Failure
coating (n = modulus estimation strength strain Toughness
25) (Experimental) | (Lower bound — (MPa) (%) (N/mm?)
(GPa) Upper bound) °
(GPa)
6.35 +0.06 121 226 —238 3791 0.036 0.006
6.45+0.11 114 226 — 237 71.84 0.082 0.033
6.89 + 0.05 133 226 —239 76.86 0.084 0.023
7.69 +0.07 116 227243 68.52 0.079 0.03
10.99 £ 0.07 123 230 -251 110.76 0.101 0.062
11.47 £ 0.04 137 231 -1252 109.82 0.113 0.071
13.69 £0.03 152 233 -259 127.76 0.089 0.061
14.78 £ 0.04 150 234 —262 130.95 0.086 0.06
34.92 +£0.03 233 261 —329 276.09 0.140 0.199
35.67+0.05 210 263 —332 168.15 0.092 0.063
37.78 £ 0.04 247 266 — 340 256.83 0.123 0.167
40.47 +0.03 235 271 —-350 220.11 0.101 0.109

3.4 Effect of WC content in the coating on mechanical properties

The reinforcing particle content in MMC coatings affects their tensile strength [9]. With an

increase in the content of reinforcing particles in the metal matrix, the tensile strength of the
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MMC increases. Researchers have explained this strengthening of MMC to the fact that the
MMC that has more particles, it can transfer the more external load to the stiffer carbide than the
MMC with a smaller number of particles [9]. This has also been used to explain the increase in

hardness of WC-Ni1 MMC coatings by Lee, ef al. [28].

In this study, the effect of reinforcing particle content on the tensile strength of cold sprayed
WC-Ni MMC coatings was studied by quantifying the total interfacial area (¥) between the WC
reinforcing particles and the metal matrix. From the definition of ¥, it constitutes the area that
was available to share and transfer external load from the metal matrix to the stiffer carbide.
Figure 19 presents the plot of tensile strength as the function of ¥. As observed for Fig. 19, with
an increase in ¥, there is an increase in the calculated tensile strength of the coating. For
example, a coating containing 6.45 + 0.11 wt.% WC had a total interfacial area per unit thickness
of approximately 8253 + 133 um?, while a coating containing 35.67 + 0.05 wt.% WC had a total
interfacial area per unit thickness of approximately 30001 + 2774 um?. Further, the trendline in
Fig. 19 suggests that there is a direct relationship between the tensile strength and ¥, which is

functionally shown in Eq. (23) as,

oxy. (23)

The Eq. (23) is vital in proving the proposed structure of strengthening of the cold sprayed WC-
Ni MMC coatings by the load sharing mechanism. Thus, the increase in the tensile strength of
cold sprayed coatings conforms with the concept of distribution of external load from the metal

matrix to the stiffer carbides embedded in the matrix.
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area, mean free path, average reinforcing particle size, and porosity.

Average
wt.% WC in Total interfacial | Mean free reinforcing .

. N . . Porosity (%)
coating area (um-) path (um) particle size (n=25)
(n=25) (n=25) (n=25) (um?)

(n=25)
6.35+0.06 5586 + 147 83+ 10 19.37 +£0.44 0.48 £0.03
6.45+0.11 8253 + 133 75+ 10 19.27 £0.48 0.35+0.03
6.89 £ 0.05 8273 +209 79+9 18.02 +0.30 0.41+£0.02
7.69 + 0.07 7018 + 214 54+6 18.33+0.7 0.34+0.03
10.99 +0.07 9901 + 128 42+5 13.27 +£0.34 0.45+0.11
11.47 +£0.04 9867 + 115 44+ 6 14.54 +0.35 0.42 +£0.06
13.69 +0.03 10032 + 129 38+4 11.84 +£0.27 0.30 £0.03
14.78 £ 0.04 11922 £ 196 36+4 12.17+£0.31 0.32+0.02
34.92 +£0.03 42834 + 3960 13+£04 7.24 £0.31 0.037 £ 0.004
35.67 +£0.05 30001 £2774 15+0.8 9.03+0.16 0.048 = 0.001
37.78 £ 0.04 37106 £ 9811 12+0.4 8.64 +0.29 0.042 £+ 0.005
40.47 +0.03 35524 + 3960 13+0.2 9.19+0.33 0.049 + 0.006

Table 4: Microstructural features of the cold sprayed WC-Ni MMC coatings- total interfacial

49



300

34.92

250

200

<
1
z
5150 1478
2 1B6, o -
=
& 0999
100 1147
639"
o865
769
50
® s
0 T T T T
0 10000 20000 30000 40000 50000
¥ (un?)

Figure 19 Tensile strength of cold sprayed MMC coatings versus the total interfacial area per
unit thickness (¥) between the WC particles and the metal matrix. The wt.% of the WC particles

in the coating is indicated on the plot.

3.5 Effect of particle-particle mean free path on mechanical properties

The mean free path in the MMC coatings affects their mechanical property [24, 64]. The
effect of the mean free path was studied in detail by Hodder, et al. [24] and Melendez, ef al. [26]
for the cold sprayed WC-Ni MMC coatings. They reported an increase in hardness of the coating
with a decrease in the particle-particle mean free path in the coating [24, 26]. Their framework
motivated to investigate the effect of 4 on the tensile strength of the cold sprayed coatings as
well. Table 3 and Table 4 suggest that with an increase in the content of WC wt.% in the coating,
the mean free path decreases. For example, for a coating containing 6.35 + 0.06 wt.% WC, the

mean free path is 83 £ 10 um, compared to mean free path of 13 + 0.4 um at 34.92 = 0.03 wt.%
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WC in the coating. Further, Gustafson, et al. [74] and Lee, et al. [75] likewise examined the

impact of 1 on the strength of the composites. They depicted a useful connection between the

o : . 1 : .
strength and 4 and revealed a straight increment in strength as a function of —, or in equation

Ji

form as,

O oC

(24)
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Figure 20: Tensile strength of cold sprayed MMC coatings versus the inverse square root of the
particle-particle mean free path. The wt.% of the WC particles in the coating is indicated on the

plot.
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For the cold sprayed WC-Ni coatings tested in this study, the tensile strength as a

function of —is shown in Fig. 20. Figure 20 indicates great concurrence with the proposed

Ja

structure as it demonstrates an almost straight connection between the tensile strength of the as-

sprayed MMC coatings and —. An increase in tensile strength with a decrease in particle-

Ja

particle spacing is explained as follows. The coatings which possess lower particle-particle
spacing, have more homogeneously dispersed WC particles (compare Fig. 16 (a) and 16 (c)).
The WC reinforcing particles restrict the path of cracks developed under external loading and act
as crack arrestors or crack deflectors [9, 32, 40]. With an increase in the content of WC wt.% in
the coating and decrease of particle-particle spacing, a greater number of particles participate in
crack deflection and hence limiting the plastic deformation of the metal matrix. In addition to
acting as crack deflectors and crack arrestors, a decrease in mean free path further suppress the
ability of the coalescence of any nucleated voids that grow under external loading. This inability
of the voids to coalescence restrains the propagation of cracks in the MMC, and hence increasing
the strain to failure. In a displacement controlled tensile testing, an increase in strain to failure
would ultimately result in the increased tensile strength as the specimen would fail at higher

external load.

3.6 Effect of average particle size on mechanical properties

The size of the reinforcing particles in the metal matrix affect the mechanical properties of

the MMC [9, 36, 71-73]. In cold spray deposition of powder, due to the impact of the powder

52



particles with the substrate and previously deposited layers, the powder particles disintegrate and
a reduction in particle size is observed [12, 28]. The reduction in the size of incoming particles is
higher for the powders consisting of the higher content of WC wt.% [28]. This is because in the
powder with a higher content of WC wt.%, a greater number of particles impinge the substrate

and hence more fragmentation of the particles.

This thesis investigates the effect of particle size (¢) on the tensile strength of the cold
sprayed WC-Ni MMC coatings. Given the irregular shape of the reinforcing WC particles (see
Fig. 21), the size of the particles was estimated by measuring the average area of the particles
[76]. Table 3 indicates that with an increase in the content of WC wt.% in the coating, there is an
increase in the tensile strength of the coating. Further, Table 4 suggests that with an increase in
the content of WC wt.% in the coating, there is a reduction in the average particle size of the WC
in the coating. For example, for a coating containing 6.35 + 0.06 wt.% WC, the average particle
size is 19.37 + 0.44 um? compared to the average particle size of 7.24 + 0.31 um? at 34.92 +

0.03 wt.% WC in the coating.

Relationships such as the Hall-Petch and Griffith criteria for fracture [77], where particle size
is related to the strengthening of the metals persuaded hypothesis in this examination toward a
comparable connection between the tensile strength and the particle size of the WC in the cold

sprayed coatings, which is given as,

O oC

1
_ 25
7 (25)
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For the cold sprayed WC-Ni coatings tested in this study, the tensile strength as a function of

1
Tis shown in Fig. 22. Figure 22 indicates great concurrence with the proposed structure as it

demonstrates an almost straight connection between the tensile strength of the as-sprayed MMC

coatings and T An increase in tensile strength with a decrease in average particle size is

explained as follows.

The smaller average reinforcing particle size permit for lower particle-particle mean free
path and hence strengthening of MMC as detailed in the previous section. Moreover, smaller
average reinforcing particle size supplements the strengthening of the matrix due to an increase
in the number of dislocations at the particle-matrix interface [64, 71]. The dislocations strain
hardens the MMC and increases the failure strength [24]. The dislocations are generated under
thermal and mechanical properties mismatch at the particle-matrix interface [24]. In the
fabrication of the cold sprayed MMC, this mismatch in properties is further enhanced due to high
velocity and temperature gradient existing in the fabrication process. In totality, a higher WC
wt.% and smaller average particle size, results in more interfacial area between the particle and
the matrix (as explained in section 4.3). This increase in the interfacial area potentially increases
the development of dislocation sites. Kouzeli, et al. [64] also investigated the concept of
strengthening of the MMCs due to an increase in the number of dislocations. They distinguish
the dislocations as geometrically necessary dislocations (GNDs) and statistically stored
dislocations (SSDs). GNDs are formed amid the external loading and are vital for the consistence

deformation of the material. Conversely, SSDs generate by virtue of the manufacturing process.
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An increase in the WC wt.% in the feedstock powder increase the number of SSDs. This is
because the Ni metal gets work harden with a higher number of incoming particles impacting the
substrate and the previously deposited powder layers. Additionally, in cold spray, an increase in
WC wt.% in the feedstock powder is accompanied by a decrease in average particle size in the
coating (see Table 4). This decrease in average particle size is likely to increase the potential
sites for the generation of GNDs and hence the strengthening. Even though the quantification of
the dislocations is difficult, they assume a critical part in the strengthening of the metal matrix

[64].

(@)
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Figure 21: SEM micrographs indicating the irregular morphology of the deposited WC particles

at magnification (a) x500 and (b) x2000.

300
3492
ws
o
250
1047
200
5
g 3567
23 .
g
2 30 14.78 "
L)
Z a5 1369
& .
100 1099
689
o
645 o817 4o
50 '
-
635
0 . . . .
0.15 0.20 0.25 0.30 0.35 0.40
¢—0.5(um—0.5)

Figure 22: Tensile strength of cold sprayed MMC coatings versus the inverse square root of the
average WC particle size in the coating. The wt.% of the WC particles in the coating is indicated
on the plot.
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3.7 Effect of porosity on mechanical properties

The porosity (€) in the cold sprayed MMC coatings affects their mechanical properties [12,
15, 28]. Table 4 suggests that with an increase in the carbide content of the coating, the porosity
of the coatings decreases. For example, porosity of 0.48 + 0.03 vol.% at 6.35 £ 0.06 wt.% WC,
decreased to 0.037 + 0.004 vol.% at 34.92 + 0.03 wt.% WC in the coating (see Table 4). Also,
Table 3 and Table 4 suggests that with a decrease in porosity of the coating, the tensile strength
of the coatings increased. For example, the tensile strength of 37.91 MPa at 6.35 + 0.06 wt.%
WC increased to 276.09 MPa at 34.92 + 0.03 wt.% WC in the coating. Therefore, in addition to
the particle size, particle-particle mean free path, and the particle-matrix interfacial area, the
increase in the tensile strength of the coating may also be linked to the decrease in the porosity of
the coating. A decrease in porosity at higher wt.% of WC in the coatings is due to better
consolidation of Ni metal matrix at higher wt.% of WC. This is because, at higher wt.% of WC, a
greater number of particles impinge the substrate and previously deposited layers and hence
solidifying the metal matrix [15, 24, 26, 28]. This consolidation of the metal matrix at higher
wt.% of WC subsequently provides enhanced ability to transfer the external load from the metal
matrix to the stiffer carbide [28]. The Fig. 23 shows the plot of tensile strength as the function of
the inverse of porosity of the coating. It shows that with a decrease in porosity of the coating, the

tensile strength increases. This may be represented in equation form as,

O oC—, (26)
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Figure 23: Tensile strength of cold sprayed MMC coatings versus the inverse of porosity in the

coating. The wt.% of the WC particles in the coating is indicated on the plot.

3.8 Relationship between microstructure and mechanical properties of the

cold sprayed tungsten carbide-nickel MMC coatings

The previous sections detail the effect of the microstructural feature on the tensile strength of
the coatings when studied independently. However, it is often that the microstructural features
like the reinforcing particle content, the average particle size, particle-particle mean free path,
and porosity are inter-dependent. For example, a decrease in the average particle size of the
reinforcing particles permits the particles to come closer to each other and hence indirectly affect
the particle-particle mean free path. Also, it is well documented for the cold sprayed coatings
that with an increase in hard particle content in the coating, the porosity decreases [15, 28].
Therefore, it was deemed more appropriate that after identifying the functional relationship of

the effect of individual microstructure on the tensile strength; it is plausible to study the
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combined effect of studied microstructure on the tensile strength of the coatings. This is

presented in Eq. (27), which is obtained by combining the Egs. (23) to (26).

(27)

T A—
\/ax\/zxﬁ

The Fig. 24 shows the tensile strength as the function of independent variables presented in Eq.
(27). This functional relationship, as appeared in Fig. 24 (a), proposes that there were two
different tensile strength regimes, which were recognized when the content of reinforcing WC
was less than 15 wt.% and when the content of reinforcing WC was beyond 30 wt.%.
Interestingly, both the regimes showed a nearly linear relationship of tensile strength with the
independent variables defined in Eq. (27). The linear relationship was confirmed by calculating
the R-squared value for both the regimes. The Fig 24 (b), which represents the regime governed
by the content of WC less than 15 wt.% had an R-squared value of 0.86 compared to 0.94 for the
regime governed by the content of WC more than 30 wt.%. This difference in the tensile strength
of the coating also manifested in the toughness of the coatings. The coatings with WC content
less than 15 wt.%, the average energy absorbed to failure was approximately 0.04 + 0.02 N/mm?
(n = 8). Conversely, the coatings with WC content beyond 30 wt.%, the average energy absorbed
to failure was approximately 0.13 + 0.06 N/mm? (n = 4). This significant increase in the tensile
strength of the coatings with WC beyond 30 wt.% may be partially explained by the exceptional
decrease in the porosity of the coating beyond 30 wt.% of WC (see Table 4). It is likely that for
the coatings consisting of WC less than 15 wt.%, the collapsing of the higher number pores
under external loading may induce higher damage accumulation and ultimately the failure of the

coatings. This is detailed in the next section.
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Figure 24: Tensile strength of cold sprayed MMC coatings versus the independent variable of
particle-matrix interfacial area, particle-particle mean free path, average WC particle size, and
coating porosity with (a) WC content less than 15 wt.% and more than 30 wt.%, (b) WC content
less than 15 wt.%, and (¢) WC content more than 30 wt.%. The wt.% of the WC in the coating is

indicated on the plot.

3.9 Failure of MMC coatings

The initial damage accumulation in the fabricated coatings was studied and analyzed by
plotting the axial strains versus the lateral strains for the conducted tensile tests (see Fig. 25). The
extraction of the lateral strains was made feasible by the DIC technique, which was otherwise
difficult to calculate by using the extensometers. In tensile testing, the axial extension of the

dogbones causes lateral movement of the material. This lateral displacement plays a vital role in
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the overall damage of the material and its failure. Therefore, the study of lateral strains as a
function of axial strains becomes essential. The curves in Fig. 25 suggest that the lateral strains
are a complex function of the axial strain near the failure strain of the coatings. The failure strain
is accompanied by a dramatic change in the slope of the curves (see Fig. 25 (a)). Here, the curve
corresponding of 0.45 £ 0.11 porosity was omitted because of a high variability in the lateral
strain data near the failure strains. The lateral strain was deemed outlier as the curve showed two
inflection points in the vicinity of the failure strains. This was irrational and accounted to the
poor speckle resolution due to the large displacements in the subsets near the failure of the
specimen. However, the curve was considered while calculating the slope of the curves as

shown in Fig. 25 (b).

The slope of the curves in Fig. 25, which is equivalent of Poisson’s ratio was quantified to
study the effect of initial damage on the tensile strength of the coatings. The slopes of the curves
were measured at approximately 0.006 % axial strain. The Fig. 25 (b), which presents the
enlarged view of the strain data at the onset of the tensile experiment, was employed to calculate
the Poisson’s ratio. The magnitude of the average of Poisson’s ratio for the coatings with higher
porosity and content of WC less than 15 wt.% (solid curves) was approximately 0.41 £ 0.24 (n =
8). In contrast, the magnitude of the average of Poisson’s ratio for the coatings with lower
porosity and content of WC more than 30 wt.% was approximately 0.23 + 0.06 (n = 4). The
average Poisson’s ratio of 0.23 + 0.06 (n = 4) for the coatings with the content of WC more than
30 wt.% is comparable to the bulk Poisson’s ratio of Ni, which is approximately 0.31 [17]. A
higher average slope for the coatings with higher porosity and content of WC less than 15 wt.%

suggests that that the material may be drifting laterally inwards to fill the pores of the coating.
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This lateral displacement may induce high initial damage in the coatings and hence, lower
strength [78]. For example, for a coating with higher porosity of 0.48 + 0.14 vol.% and 6.35 +
0.06 wt.% WC, the magnitude of Poisson’s ratio is approximately 0.95 and the tensile strength is
38 MPa. In comparison, a coating with lower porosity of 0.042 + 0.023 vol.% and higher content
of WC of 37.78 £ 0.04 wt.%, the magnitude of Poisson’s ratio is approximately 0.15 and hence
the higher tensile strength of 257 MPa. An enlarged view of the slopes is shown as an aid to
readers in Fig. 25 (b). The comparison of the average of Poisson’s ratio of the two discussed
regimes confirms that indeed, porosity determines the damage and failure in the coatings.
However, Fig. 25 (b) also shows variability with the explanation of damage accumulation and
failure solely based on porosity. For example, a coating with 0.35 + 0.12 vol.% porosity and 6.45
+ 0.11 wt.% WC, the magnitude of Poisson’s ratio is 0.18, compared to the higher magnitude of
Poisson’s ratio of 0.33 at 0.049 + 0.01 vol.% porosity and 40.47 + 0.03 wt.% WC (see Fig. 25
(b)). Thus, as suggested by Fig. 25 (b), there is higher damage accumulation for coating with
lower porosity and higher WC wt.% and it should be followed by a lower tensile strength.
However, the tensile strength of 40.47 + 0.03 wt.% WC coating is higher, than the coating with
6.45 £ 0.11 wt.% WC in the coating (see Fig. 18 and Table 3). Therefore, it would be imprudent
to generalize the trend of damage accumulation and failure of cold-sprayed WC-Ni MMC
coatings based on the data of vol.% of porosity. This was also observed by Holmberg, ef al. [32]
and they noted that in addition to porosity, the localized effect of other microstructural features
like particle morphology, mean free path, particle size, and defects also immensely influence the
mechanical properties of the coatings and their effect may not be ignored. Moreover, they
considered defects to be the critical determining factor affecting the mechanical and wear

properties of the thermal sprayed coatings [32, 33]. Figure 25 provides another evidence that
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though the damage in the coatings may be related to the vol.% of porosity, yet the failure of
coatings is a broader phenomenon, affected by the concert of microstructural features and
manufacturing defects [78, 79]. This enhances the importance of studying the combined effect of
microstructure, as explained by Eq. 27. Further investigation is required; however, Eq. 27 may
provide preliminary understanding to elicit the relationships between microstructure and tensile
strength of WC-Ni MMC coatings as a function of the different microstructural features of the

coating.
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Figure 25 Axial strains versus the lateral strains for the fabricated cold sprayed WC-Ni MMC
coatings. (a) Plot showing the curves for full duration of tensile testing and (b) Plot showing the

strains for the initial segment of the loading.

3.10 Preliminary modelling of mechanical response

This section presents the definition and the results of a preliminary model that was used to
predict the tensile stress-strain behaviour of the cold sprayed WC-Ni MMC coatings. The
definition of the micro-mechanism model is based on the material models that were available in
the commercial software, Digimat-FE [80]. Upon validation of the model with the experimental
results, the model was further employed to predict the effect of particle-matrix interfacial

strength on the tensile strength of the studied RVE.
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Based on the literature and the material models available in Digimat-FE, it was assumed that
the mechanical behaviour of Ni metal matrix in the MMC to be elasto-plastic with J> plasticity
model [80—-82]. The J> plasticity model is based on the von Mises equivalent stress, geq [80],
defined as,

1

O-ezq =J,(0)= §|:(O_11 —Op )2 +(022 — 033 )2 +(O_33 _011)2]+|:0_122 +0223 +U321]- (28)

The von Mises equivalent stress reduces to simple tensile stress for the uniaxial loadings. Thus, it
was assumed that the tensile stress-strain relation of Ni follows the power law of hardening given
as [71],

o=Ag", (29)

where the symbols o, 4, and n are the axial stress, the hardening modulus, and the hardening
exponent. The mechanical behaviour of WC was assumed to be isotropic elastic [71, 81]. As
discussed in the introduction of this thesis, the failure of the MMC at the particle-matrix interface
is prominent in MMCs and is one of the defining factors in the failure of the material [50, 60,
71]. Thus, to incorporate the effect of the particle-matrix interface in the model, defining a
cohesive zone was crucial. The cohesive zone models the surrounding environment of the
reinforcing particle and is used to model the debonding at the interface [71, 80]. The developed
model defines a cohesive region around the reinforcing particles, as shown in Fig. 26 with a
thickness of 0.0028 mm. The initiation of damage of the cohesive zone was based on the

maximum stress criterion, defined as,

}:1, (30)
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where symbols #, t; and ¢, are respectively the tensile strength in the normal mode and shear
only mode (first and second shear direction) [80] and the corresponding denominators in Eq. (30)
represent their maximum value. In Digimat-FE, the values that need to be defined are for the
denominators in Eq. (30). Using the trial and error method, the final material properties that were

used for the Ni matrix and WC particles to validate the experimental curve are summarized in

Table 5.

The microstructure of the RVE was defined in the Digimat-FE. The RVE consists of the average
particle size as calculated from the SEM images of the fabricated coatings (see Fig. 16b). In this
study, the shape of particles is assumed to be ellipsoid with an aspect ratio equal to one. In the
future, particle shapes may be varied. The geometry of the microstructure is shown in Fig. 26.
There are 29 ellipsoid particles generated with an average particle size of 12.2 um (see Fig. 26).
This RVE was meshed using the C3D10M elements with the software suggested minimum
element size. The RVE was quasi-statically loaded with displacement-controlled setup up to the
failure. A similar displacement-controlled boundary conditions were employed by Su, et al. [71]
to model the tensile behaviour of the silicon carbide reinforced aluminium MMC. The developed
framework was then numerically solved using the finite element solver provided by the Digimat-
FE. The obtained stress-strain curves were compared with the experimental results and using the
trial and error method, the resultant stress-strain curves from the Digimat-FE were approximately
matched with the experimental stress-strain curve by tuning the Young’s modulus and the tensile
strength properties of the Ni material. The Young’s modulus of Ni is approximately 207 GPa
[17]; however, a Young’s modulus of 150 GPa was used to validate the experimental curve.

Similarly, Nan, et al. [57] reported the cohesive strength to vary as the inverse square root of the
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particle size in the matrix. However, a lower cohesive failure strength was used than predicted
from the relationship from Nan, et al. [57] (see Fig. 27). A lower value of both Young’s modulus
and the tensile strength of Ni used to validate the numerical curve may be related to the evolution

of damage in the tested coatings under tensile loading and is explained in the next section.

Table 5: Mechanical properties of the matrix and the particle used to validate the model.

Property Matrix (Ni) Particle (WC)
Density 8,900 kg/m> [26] 15,800 kg/m? [26]
Young’s modulus 150 GPa [experimental ] 675 GPa [83]
Poisson’s ratio 0.31[17] 0.24 [83]
Yield stress 163 [17] -
Hardening modulus 648 [17] -
Hardening exponent 0.33[17] -
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Figure 26: RVE of the microstructure. Red color represents the hard-reinforcing particles and

the blue color represents the cohesive zone.

Upon validation of the model, the effect of interfacial strength was studied using the
developed model. Keeping all the defined material properties, microstructure, and loadings
constant, the failure strength of the cohesive elements, defined by the continuum metal matrix
material (here, Ni) was changed. The different curves obtained from changing the interfacial
strength are presented in Fig. 27. Fig. 27 presents the curves for the microstructure with
approximately 14.78 + 0.04 wt.% WC in the coating and the average particle size of 12.2 pm. It
was observed that the initial part of the stress-strain curve is matched to a good approximation
with the experimental curve (see blue curve in Fig. 27). However, as the axial strain progresses,
both the experimental and numerical curve start deviating from each other. The experimental
curves exhibit an onset of damage at a lower strain than the numerical model. For example, at

approximately 0.05% strain, the experimental curve starts deviating from the validated
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experimental stress-strain curve. This deviation may be attributed to the fact that as explained in
section 4.8 of this thesis, the damage and the failure is a highly complex phenomenon and may
not be defined adequately by Eq. (30). As observed from the shape of the curves in Fig. 25a, the
lateral strains are a complicated function of the axial strains, indicating that the damage evolution
function needs to microstructurally informed and may not be defined based on the maximum
stress criteria. This reiterates to the importance of models which incorporates the microvoid
nucleation and growth as described in the Chapter 2 of this thesis [55]. Amirian, ef al. [81, 82]
have shown that for ceramic-metal composites, the damage may be simulated using the Gurson
model which is a microstructure (particle shape, size, and aspect ratio) equipped model to predict
the stress-strain response. Further, the debonding in the tested coatings is a complex function of
stress at the interface, a function of porosity, particle size, mean free path, and defects in the
coating [50, 51], which were ignored in defining the model. Moreover, in the derivation of the
numerical model, it was assumed that the shape of the particles is ellipsoid; however, the actual
shape in the tested coating is irregular (see Fig. 21). All these factors contribute towards the
deviation of the experimental and numerical curves; however, this model may advise the first
approximations of the interfacial strength values for the low-pressure cold sprayed coatings. The
observed value for the validated curve was approximately 215 MPa. Nan, et al. [57] reported the
cohesive interfacial strength to be proportional to the inverse of the square root of particle size.
Thus, based on this criterion, the cohesive interface strength for the average particle size of 12.2
pum would be 286 MPa. A lower value in the present model is may be either due to the
simplification of the model or may be the characteristic of the cold sprayed coatings. Overall,
this needs to be further explored using other numerical models which incorporate the spectrum of

microstructural properties.
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Figure 27: Experimental and modelled tensile stress strain curves for 14.78 + 0.04 wt.% WC in

the coating. The inter-phase strength used in the numerical models is marked on the plot.
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4 Conclusions

In this thesis, three different feedstock powder blends were prepared to be deposited by the
low-pressure cold spray process. The powders were varied based on the content of WC wt.% in
the powder blend. The powders consisted of 50 wt.% WC + 50 wt.% Ni powder blend, 71 wt.%
WC + 29 wt.% Ni powder blend, and 92 wt.% WC + 8 wt.% Ni powder blend. The fabricated
coatings were utilized to prepare the tensile dogbone coupons to study their mechanical
properties, namely the tensile strength, the Young’s modulus, and the toughness. Through tensile
testing, it was found that an increase in the carbide content in the coating from approximately

6.35 £ 0.06 wt.% WC in coating to 34.92 £+ 0.03 wt.% WC in coating there was:

e Increase in failure stress from 37.91 MPa to 276.09 MPa;
e Increase in strain to failure from 0.036% to 0.14%;
e Increase in Young’s modulus from 121 GPa to 233 GPa; and

e Increase in toughness from 0.006 N/mm? to 0.199 N/mm?.

This improvement in the mechanical properties was explained and credited to the refined

microstructural features of the coatings, which included:

e Increase in the particle-matrix interfacial area from approximately 5586 + 147 um?® at 6.35

0.06 wt.% WC to 42834 + 3960 pm? at 34.92 = 0.03 wt.% WC due to increase in the number

of reinforcing WC particles in the fabricated MMC.
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e Reduction in porosity of coating from approximately 0.48 + 0.03 % at 6.35 = 0.06 wt.% WC
to 0.037 £ 0.004 % at 34.92 + 0.03 wt.% WC in the coating due to better consolidation of
matrix at higher carbide content in cold spray;

e Reduction in average particle size of the reinforcing particles from approximately 19.37 +
0.44 pm at 6.35 £ 0.06 wt.% WC to 7.24 + 0.31 pum at 34.92 + 0.03 wt.% WC in the coating
due to in-flight carbide particle interaction and fracturing of carbides upon impact to the
surface of the substrate and previously deposited metal matrix; and

e Reduction in particle-particle mean free path from approximately 83 + 10 um at 6.35 + 0.06
wt.% WC to 13 = 0.4 at um at 34.92 + 0.03 wt.% WC in the coating due to decrease in

distance between carbide particles at higher carbide content.

In addition to the classical explanation of the increase in the mechanical properties with an
increase in the content of reinforcing phase in the MMC; this study develops functional
relationships between the microstructure and the tensile strength of the cold sprayed WC-Ni
MMC coatings. A framework constituting of the combined microstructural effect on the tensile
strength indicated different regimes of the tensile strength of the coating. The high strength
regime which was governed by the content of WC beyond 30 wt.% in the coating was contrasted
with the comparatively low strength regime, governed by the content of WC less than 15 wt.%.
This claim of different strength of tensile strength regime was further strengthened by
quantifying the toughness and the damage in the coatings. A significant increase in the average
toughness and average Poisson’s ratio was noted in the coatings with the content of WC beyond
30 wt.% compared to the coatings with the content of WC less than 15 wt.%. Lastly, this study

concludes with a preliminary attempt to model the tensile stress-strain behaviour of coatings with
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the incorporation of the cohesive zone modelling. The microstructure-average particle size
informed model suggests that an increase in the interfacial strength is likely to increase the
tensile strength of the coating. The onset of damage in the microstructure of the experimental
stress-strain curve was observed to begin at a lower axial strain compared to the modelled stress-
strain curve. This indicated that the incorporation of other microstructural features, such as
porosity, particle-particle mean free path, and shape of the particle in the constitutive equation is

necessary and may not be ignored. The major contributions from this thesis are presented below:

e To date, the literature had limited studies that explored the mechanical properties such as
tensile strength, Young’s modulus, and toughness for the low-pressure cold sprayed MMC
coatings. Therefore, the thesis addresses this gap and documents the calculated values for the
tensile strength, Young’s modulus, toughness, and Poisson’s ratio for the tested low-pressure
cold sprayed WC-Ni MMC coatings.

e Recognizing that there is an approximate direct relationship between the tensile strength and
interfacial area between the reinforcing particles and metal matrix.

e Recognizing and establishing that there is a linear relationship between the tensile strength
and the square root of the inverse of the average particle size and mean free path between the
reinforcing particles.

e Recognizing and establishing that there is an inverse relationship between the tensile strength
and porosity of the coatings.

e Establishing a framework based on the functional relationship of the studied microstructure

and tensile strength of the tested coatings. This study reports distinct regimes in the tensile
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strength of the coatings based on the content of WC wt.% in the coatings. This claim is
supported by the calculated average toughness and average Poisson’s ratio values.

This thesis layout the importance of DIC data by measuring the lateral strains, which
otherwise would be impossible to quantify using the traditional extensometers. The lateral
strain data was vital to calculate the Poisson’s ratio and provide a damage-based explanation

of the failure of the low-pressure cold sprayed coatings.
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5 Future Work and Recommendations

To examine the influence of microstructure on mechanical properties, more laboratory
experiments may be conducted; however, they are arduous and expensive to perform. These
experimental studies limit the investigation to study the influence of single or combined
microstructural features as it may not be feasible to independently control parameters like
porosity, particle size, mean free path, interfacial area, and many other. These limitations and
constraints on experimental testing of the MMC coatings warrant the need for modelling of the
mechanical properties and behavior of the MMC coatings in order to understand the coatings
better under various applied loading conditions [9, 41-44]. The data collected for the mechanical
properties in addition to the microstructural features such as porosity, particle-particle mean free
path, and the average size of the carbide particles may be incorporated in the mechanism-based
Gurson model [54, 55, 81]. The importance of the microstructure-based model is presented in the
introduction of this thesis. In the Gurson model, the matrix is assumed to exhibit elasto-plastic
behavior and the particles are isotropic-elastic [55]. For the numerical analysis, the randomly
distributed particle geometry may be generated in the Digimat-FE software and further may be
solved numerically in the finite element software, ABAQUS. Thus, the numerical model may be
utilized to predict the stress-strain response of the fabricated MMC coatings and validated with
the performed experimental tensile test data. Further, upon validation of the Gurson model, finite
element method based MMC modelling may be utilized to enhance the understanding of the
sensitivity of mechanical response of a coating to microstructural changes without the obligation
to conduct the physical experiments. Material models like kinematic hardening model may be

employed for the metal matrix to model the cyclic loading [80]. Incorporation of models that
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cater to cyclic loading is of importance because the erosive wear in the Oil & Gas industry
constitutes of the continuous interaction of hard particles with the protective coating and thus,
results in cyclic loading. Further, Llorca, ef al. [84] noted that MMCs failure is not exclusively
limited to the failure of metal matrix and/or particle-matrix debonding. Fracture of reinforcing
particles is evident at high-stress loadings and therefore, a holistic numerical wear model needs
to incorporate the fracture of the reinforcing particles as well. Initially, the incorporation of the
fracture of the reinforcing particle may be explored by defining a crack initiation criterion for the
reinforcing particles [80]. Criteria such as maximum principal tensile strength may be prescribed

for the initiation of crack, similar to the metal matrix [80].

This work documents the novel results for the mechanical properties of the cold sprayed WC-
Ni MMC coatings, which includes the Young’s modulus, tensile strength, strain to failure, and
the toughness. As discussed in the introduction, many researchers have noted the importance to
study the full field testing of the coatings [62, 63, 65]; however, limited studies are available in
the literature. This study addresses the literature gap for low-pressure cold sprayed WC-Ni
coatings; however, there are other carbide-based cold sprayed coatings for which the full-field
tested mechanical properties are not available in the literature. For example, Lee, et al. [28]
noted that boron carbide-based low-pressure cold sprayed coating has a similar hardness and
adhesion strength values as the tungsten carbide coatings. Also, Vackel, ef al. [62] conducted
tensile testing on the metal coatings that were fabricated using the thermal spray process;
however, they loaded both the substrate and the coating together. Thus, they did not examine the
mechanical properties of the as-sprayed coating material. A similar strategy as presented in this

thesis to extract mechanical properties, such as Young’s modulus, tensile strength, and the
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toughness for the cold sprayed pure metals and other carbide-based materials may be employed.
An investigation into the mechanical properties of the cold sprayed pure metals and contrasting it
with the cold sprayed MMCs may strengthen the importance of the incorporation of the carbides

into the metal matrix to enhance the performance metrics of the coatings.

This study offers a framework of diagnosis to investigate the effect of the particle-matrix
interfacial area, particle-particle mean free path, average particle size, and porosity on the tensile
strength of the cold sprayed WC-Ni coatings. This framework may be tested for its validity for
the other carbide-based coatings and thermally sprayed coatings. This would advance the
literature towards a general functional relationship to predict the tensile strength of the thermally

sprayed coatings based on the observed microstructure in the coating.
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Appendix A - MATLAB Code

clear;clc;
% Code used to plot the stress-strain curves. Provide a path to the excel
%$file where data axial strain and tensile

% stress data is stored

filename= 'Dl.x1lsx';

% Use the xlsread function to read the axial strain and tensile stress

% values.

eyy= xlsread (filename, 'E4:E5992'");

TensileStress = xlsread (filename, 'D4:D5992");

% The data is smoothed using the sgolay filter.

A = sgolayfilt (eyy, 5,5987);

B = sgolayfilt (TensileStress, 5,5987);

% Plot the curve using the plot function.

plot (A, B,'-p', 'MarkerIndices',1:800:1length(A), 'LinewWidth',1);

% Provide labels to the axis

xlabel ('DIC Tensile Strain (mm/mm) ")

ylabel ('Tensile Stress (MPa)')

o)

% Repeat this to plot all the tensile stress-strain curves.
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Appendix B — SEM Images of Coating Microstructure

100 pm = EHT = 20.00 kv Date :15 Jan 2019 o 1
M Mag= 150X ate 115 Jan ynanOFAB

WD =10.0mm Signal A = SE1 File Name = 50B07 tif T

Figure B1: SEM image of the coating fabricated from the 50 wt.% WC + 50 wt.% Ni in the

feedstock powder.

&9



bowh

100 ym Mag= 150X EHT = 20.00 kv Date :18 Apr 2019

e
NanoFAB
WD = 9.0 mm Signal A = SE1 File Name = EQ7 tif iT_—::

Figure B2: SEM image of the coating fabricated from the 71 wt.% WC + 29 wt.% Ni in the

feedstock powder.
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Figure B3: SEM image of the coating fabricated from the 92 wt.% WC + 8 wt.% Ni in the

feedstock powder.
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