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The feasibility of using a low pressure cold spray system for the deposition ofWC–Ni coatingswas studied. The Ni
contentwas varied from4 to 50wt.% and the resultant coating propertieswere compared toWC–12Co–xNi pow-
ders, deposited using the sameNi contents. A Taguchimixed level design of experimentsmethodwas used to op-
timize the spray parameters of each of the eight powder combinations. The optimal coatings predicted using this
method were the WC–25Ni and WC–12Co–50Ni combinations. However the maximum experimental coating
hardness was obtained for the 4 wt.% Ni coatings. A limitation of the Taguchi method is that it does not
account for the effect of strain hardening that occurs as a result of the impact of the hard carbide particles. Low
porosity coating build-up with non-homogenous distribution of the carbide phase was observed for all coatings.
XRD analysis of the coatings indicated that no phase transformations or grain refinement took place during
deposition. The morphology of the starting powders influenced coating properties. The dense WC particles had
limited deformability and resulted in the fracture of the hard WC particles during deposition. The porous struc-
ture of the spherical and agglomeratedWC–12Co powders wasmore deformable allowing for particle densifica-
tion and elongation during deposition which resulted in higher WC retention within the Ni matrix.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

WC-based coatings are conventionally deposited using high temper-
ature thermal processes such as high velocity oxy-fuel (HVOF), plasma
transferred arc welding (PTAW) and spray fusion (SF) which involve
the melting of the binder phase to achieve superior adhesion. The heat
required to melt the binder phase often results in the deterioration of
the carbide and binder phases by decarburization, phase changes, high
temperature oxidation and grain growth [1–7]. Brittle and hard W2C,
W and undesirable η phases are usually the result of this deterioration,
which decreases the overall mechanical and wear properties of the
coatings [8–10]. In order to minimize these coating degradation effects,
researchers have been investigating the deposition of WC-based coat-
ings using cold gas dynamic spraying (CGDS) as an alternative to high
temperature deposition processes [11–13]. CGDS is a deposition meth-
od in which fine, solid powder particulates (1–50 μm in diameter) are
accelerated to supersonic speeds (300–1200 m·s−1) bymeans of a car-
rier gas and are impacted onto a surface to formdense coatings [14]. The
process is solely reliant on the severe plastic deformation of the particles
to achieve sufficient substrate adhesion and coating build-up. Adhesion
is said to occur as a result of the high pressures experienced during
impact, causing material interlocking and mechanical bonding of the
d Metallurgical Engineering,
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corresponding atoms [15,16]. This process involves limited to no melt-
ing during coating deposition; thus avoiding the decomposition of the
carbide phase. The chemical composition and bulk properties of the
coatings typically remain identical to the parent powders [1–7].

Two types of cold spraying systems, high and low pressure, currently
exist. High pressure systems can attain pressures ranging up to 1000 psi,
accelerating the gas flow to supersonic velocities (1000 m·s−1). Low
pressure systems can attain a pressure range of 80–140 psi. In these low
pressure systems, thepropellant gaswith the suspendedpowderparticles
can reach velocities of about 600 m·s−1. The low pressure systems are
deemed safer,moreportable, andeasier and cheaper to automate,making
this an attractive deposition method [17,18]. Deposition of WC–Co coat-
ings has been achieved using high pressure systems with dense coatings
having thickness and hardness values comparable to HVOF coatings
[11]. No evidence of decarburization or phase changes was observed,
although Ang et al. [19] found the occurrence of grain refinement.

It is generally more challenging to achieve the adhesion of WC–Co
coatings using low pressure systems [20]. Since the severe plastic defor-
mation of the particles is required for particle adhesion, the deposition
of the carbide particles is limited, as they are hard and brittle in nature
and therefore shatter and erode the substrate upon impact [1]. This is
because the generated temperatures and pressures are insufficient for
the deformation of the hard WC particles upon impact. To overcome
this challenge, the carbide phase is co-deposited with a more ductile
metal, such as Co, Cu and Al, in the form of a cemented carbide or a
metal matrix composite [21,22]. The purpose of the softer binder
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material is to facilitate the adhesion of the hard WC particles which are
embedded in the softermetalmatrix during deposition. The cermet par-
ticles were either mechanically mixed [22] with the softer binder phase
or were encapsulated [21] with the binder metal to facilitate the adhe-
sion of the hard and brittle phases.

Some of the factors that influence the deposition efficiency of car-
bide coatings include spray parameters, such as gas temperature and
pressure, standoff distance (SOD), substrate properties, powder particle
size and morphology, and binder content [13,21,22]. Process variables
also determine the critical particle velocity required for adhesion.
When the particle impact velocity, Vp, is too low for a given coating–
substrate combination, the feedstock particles act as erodents and are
reflected from the surface with no deposition taking place. When Vp is
greater or equal to the critical velocity the particles deform plastically
and adhere to the substrate forming a coating [23]. Previous research
has found that if the Vp is too high, hard brittle materials, such as the
WC particles under study, pulverize upon impact and fail to adhere on
the substrate due to their lack of deformability [21]. This also proves
that there is a window of deposition of particles during CGDS [23].

Goyal et al. [24–26] investigated the optimization ofmultiple response
parameters in low-pressure cold sprayed Cu coatings using the Taguchi
method andutility concept. In the study, the input variableswere powder
feed type, substrate material, stand-off distance, stagnation pressure and
temperature and the responses to be optimized were coating density,
thickness and surface roughness. The optimal parameter values were
determined by calculating the signal to noise ratios (SNRs) for each re-
sponse, which also served as an indication of the contribution that each
parameter had on the responses measured. The variables yielding the
greatest SNR values were an indication of the optimal parameters. Using
this technique they were able to successfully optimize the response vari-
ables, identify the percentage contribution of each input parameter, and
predict the values of the optimal responses [24–26].

To the current authors' knowledge, this type of systematic approach
to determine the optimal spray parameters for WC–Ni systems, using
low pressure CGDS, has not been conducted, and was therefore the
main focus of the current research study. Here, the feasibility of using
a Centerline SST low pressure CGDS system, with air as the carrier gas,
to deposit WC–x wt.% Ni coatings onto mild steel substrates was
assessed; theNi contentwas varied from4 to 50 wt.%. The spray param-
eter combinations were determined using the Taguchi mixed level
design of experiments technique, to establish the optimum spray condi-
tions for each powder composition. The coating properties were charac-
terized and the results compared toWC–12wt.% Co–x wt.% Ni coatings,
also sprayed for this study.
2. Experimental procedure

2.1. Powder and substrate

In this study three different powderswere used, namely, an agglom-
erated and sintered WC–12 wt.% Co powder (Sulzer Metco), an oxide
Fig. 1.Morphology of (a) Ni powder, (b) oxide reduced WC powde
reduced WC powder (Flomaster), and a Ni powder (Centerline
SST-N5001). All three powders had a particle size distribution of
−45 + 5 μm. The morphologies of the three powders are illustrated
in Fig. 1. The powders were mechanically mixed using a rotary mill ac-
cording to the compositions listed in Table 1. Mild steel substrates,
20 × 20 mm2 in size, were grit blasted with −300 + 100 μm alumina
grit (Centerline SST-G0002) prior to the deposition process to facilitate
adhesion of the coatings.

2.2. Cold spray deposition process

A low pressure cold spray machine (Centreline SST Series P) was
used to deposit the cemented carbides onto the mild steel substrates
using air as the carrier gas. A CompAir external air compressor with a
maximum capacity of 10 bars (150 psi) was used to generate the air
flow required to achieve the air pressures used in this study. Eight
passes were sprayed onto the substrates using an automated gun mov-
ing at a transverse velocity of 3m·s−1. A convergent–divergentDe Laval
nozzle with a length of 120 mm, an entrance and exit diameter of
2.5 mm and 6 mm respectively was used to transmit the powders to
the substrate. An integrated, dual-hopper, non-pressurized vibratory
powder feeder with a feed rate setting of 5% was used to introduce
the powder particles to themoving gas stream. Temperature, stagnation
pressure and standoff distance were the operating parameters that
were varied at different levels for the study, as presented in Table 2.
The combination of spray parameters presented in Table 2 was deter-
mined using the Taguchi mixed level design of experiments [24–26]
with the aim of finding the optimal spray parameters for each powder
blend combination. In this multi-response process optimization meth-
od, four input parameters, namely wt.% Ni, temperature, stagnation
pressure and stand-off distance, were varied within selected ranges
based on the parameters recommended by the cold spray machine
manufacturer for the deposition of Ni powder and the system's maxi-
mum operational capacity. Minitab® 16.2.4 software was applied to
generate an L16 orthogonal array matrix which used coating thickness
and hardness as the response variables. Each set of parameters was
repeated three times and their responses averaged. Since coating thick-
ness and hardness are both ‘the higher, the better’ type responses, the
spray parameters giving the greatest signal to noise ratio (SNR) were
selected as optimal and these values are reflected in Table 2 for each
powder blend.

2.3. Coating characterization

The cross sections of the coatings were hot mounted with Struers
Polyfast conductive resin, ground using Struers 220 and 1200 grit
sizes, and then polished to a 1 μm finish with Struers diamond suspen-
sion. Vickersmicro-hardness tests, using a 300 gf loadwith a dwell time
of 10 s, were conducted on the transverse sections of the coatings. A
total of 12 indents were made per coating type, according to ASTM
C1327 [27] which requires that each indent be spaced at a distance of
r and (c) agglomerated and sintered WC–12 wt.% Co powders.



Table 1
Composition of the mechanical powder blends.

Mechanical blend wt.% WC wt.% Ni wt.% Co

WC–4Ni 96 4 0
WC–10Ni 90 10 0
WC–25Ni 75 25 0
WC–50Ni 50 50 0
WC–12Co–4Ni 84 4 12
WC–12Co–10Ni 78 10 12
WC–12Co–25Ni 63 25 12
WC–12Co–50Ni 38 50 12
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at least four times the diagonal of the previous indent. This was done to
avoid the effects of WC particle cracking and strain hardening. Micro-
hardness profile tests were conducted for each coating composition
along the cross-sections, from the coating surface to the coating–sub-
strate interface. Each indent was spaced 0.2 mm apart. These profiles
were performed to investigate the effect of repeated powder impact
during deposition.

Low magnification (× 50, × 100, × 200, × 500 and × 1000) optical
microscopy (LEICA DM6000 M, attached with a LEICA DFC490 camera)
was applied to observe the coating build-up. The optical images and
coating thickness measurements were acquired using Leica Application
Suite image processing software. X-ray diffraction (Bruker D2, Phaser
with a LynxEye detector) analysis of thepowders and coatingswas con-
ducted to identify the phases and to detect if WC decarburization had
occurred during deposition. A cobalt anode, with X-ray generator set-
tings of 30 kV and 10 mA, was used for the analysis. Themeasurements
were made from 10° to 90° at a rate of 0.026° per second. A Carl Zeiss
Sigma, field emission scanning electron microscope (FESEM) coupled
with an energy dispersive X-ray spectroscope (EDS), was used to char-
acterize themicrostructure of the coatings and the powdermorphology,
and to determine the percentage of theWC retained during the deposi-
tion process. The wt.% values of the W atoms, together with the known
C:Wweight ratio of 0.0613 was used to calculate the percentage of WC
retained within the coating. The FESEM was also used to compose ele-
mental composition maps of the coatings to assess the homogeneity.

The percentage porosity of each coating was determined using
ImageJ analysis software inwhich the area fraction of the pores was cal-
culated. Low magnification (×1000) SEM micrographs were chosen to
obtain representative images of the coatings, while ensuring that the
resolution of the pores could be well defined for the image analysis
technique. The binder mean free path for each coating was
determined using Eq. (1) [28]. The linear intercept method was used
to estimate the binder mean free path in which SEM micrographs
(×5000) were used for the estimation.

λ ¼ 1−fð Þ=NL ð1Þ

[28].
In Eq. (1), f is the volume fraction of dispersed phase determined

from the cross section image and NL is the number of non-contiguous
carbide grains intersected on a metallographic plane by a line of unit
length.
Table 2
Cold spray parameters determined using the Taguchi method for each blend.

Mechanical blend Pressure (psi) Temperature (°C) Standoff distance (mm)

WC–4Ni 145 550 15
WC–10Ni 115 450 15
WC–25Ni 115 550 15
WC–50Ni 130 450 10
WC–12Co–4Ni 145 550 15
WC–12Co–10Ni 115 450 15
WC–12Co–25Ni 145 450 15
WC–12Co–50Ni 145 550 15
3. Results

3.1. Taguchi process optimization parameters

Fig. 2 compares the average, between the coating thickness and
hardness SNR values, obtained for each process parameter. The contri-
bution of each parameter on the response variables provides insight
into the effects of the spray conditions on the different powders. Since
coating thickness and hardness are both ‘the higher the better’ type
responses, the maximum SNR values are an indication of the optimal
parameters which should be used for each powder blend; a summary
of which is provided in Table 2.

The graphs presented in Fig. 2(a)–(d) reflect the SNR for each of the
selected parameters, the optimal value being an indication of the best
parameter setting. From Fig. 2(a) it can be deduced that the addition
of 25 wt.% and 50 wt.% Ni for WC and WC–12Co powders respectively
would yield the optimal coatings. Fig. 2(b)–(d) reflects the SNR data
for these two optimum coatings; similar graphs were generated for all
the composition blends. The increase in stagnation pressure was
preferred for the WC–12Co–50Ni powder, with the optimal parameter
setting being at system's maximum capacity of 145 psi [Fig. 2(b)]. The
optimal stagnation pressure for the deposition of theWC–25Ni powder
was obtained at 115psi, further increaseswould result in poorer coating
properties. The deposition temperatures played a significant role in the
coating hardness and thickness of theWC–12Co–50Ni powder; howev-
er had no effect on the deposition of the WC–25Ni powder [Fig. 2(c)].
Higher spray distance are preferred for both powders [Fig. 2(d)].

None of the coating thickness and hardness values obtained experi-
mentally fell within the range predicted using the Taguchi method. For
the WC–25Ni powder, both the experimental thickness and hardness
values were greater than those predicted by the method, while lower
experimental hardness and thickness values were observed for the
WC–12Co–50Ni coatings. The comparative values are listed in Table 3.

3.2. Coating properties

SEM images of the cross-sectional microstructures of all eight com-
positions are presented in Fig. 3 with the corresponding XRD patterns
in Fig. 4 for the WC–xNi compositions, and Fig. 5 for the WC–12Co–
xNi compositions. As presented in Fig. 3, good coating build-up with
some porosity (black phase)was achieved across all eight compositions.
A non-homogenous distribution of the WC and WC–12Co particles
(white phase) was observed within the Ni matrix (gray phase) for all
coatings. The WC–4Ni [Fig. 3(a)] and WC–12Co–4Ni [Fig. 3(e)] combi-
nations were able to retain the highest amount of carbide particles; as
the Ni content in the starting powders increased, the carbide particles
retained within the Ni matrix decreased. The images further illustrate
that the WC–12Co powder combinations were able to retain more
carbide particles in comparison to the WC powder combinations.

From the XRD patterns of the powders and corresponding coatings
depicted in Figs. 4 and 5, it is evident that no decarburization occurred
during the cold CGDS of WC–xNi and WC–12Co–xNi. In addition,
phase changes did not occur, implying that the chemical properties of
the parent powders remain unchanged. No peak broadening as docu-
mented in the work conducted by Ang [19] was observed.

The adhesion characteristics of the coating were examined using
elemental mappings of the interfaces. Since the journal is printed in
black and white, the readers are advised to visit the internet version of
this paper where the color is retained for a better study of the element
distribution. Fig. 6 illustrates the mapping conducted on the WC–
12Co–4Ni coating, which shows the distribution of the W [Fig. 6(a)],
Co [Fig. 6(b)], Ni [Fig. 6(c)] and Fe [Fig. 6(d)]. The mapping clearly
reveals that no atomic diffusion from the coating to the substrate took
place at the interface during deposition. Minor traces of Fe were
observed in the coating. This could be due to the powder contamination
experienced during deposition. The hard carbide particles act as an



Fig. 2. Average SNR values for input process parameters studied.

368 D. Lioma et al. / Int. Journal of Refractory Metals and Hard Materials 49 (2015) 365–373
abrasive, causing the Fe composed spray nozzle to wear rapidly and
contaminate the powders as they pass through it.

A summary of the measured coating properties is listed in Table 4. It
was observed that increasing the Ni content in the starting powders
generally resulted in increased coating porosity and binder mean free
path values. The exceptions to this trend were the higher porosity of
the WC–25Ni compared to the WC–50Ni, and the higher porosity of
the WC–12Co–4Ni compared to the WC–12Co–10Ni. Increasing the Ni
content also led to a decrease in the percentage of WC retained which
caused a subsequent decrease in the coating hardness. This is in agree-
ment with Melendez and McDonald [22], who showed that increasing
the carbide content in the starting powders resulted in an increase in
the percentage of carbide retained in the resultant coating.

TheWC–12Co–xNi powders yielded coatings thatweremore porous
in comparison to the WC–xNi coatings even though lower stagnation
pressures were required for the deposition of three of the four WC–
xNi powders. The WC–12Co–xNi coatings had smaller binder mean
free paths compared to the WC–xNi coatings for similar Ni contents.
Overall, the 4 wt.% Ni addition for both powders yielded coatings with
the highest hardness and percentage WC retained, and the lowest po-
rosity and binder mean free paths. The WC–4Ni coatings possessed
themaximumhardness of 459.2 HV0.3 of all the eight powder combina-
tions. This is still significantly lower than the hardness values typically
observed for high pressure CGDS and HVOF produced WC–Co coatings,
e.g. 1135 HV0.3 for HVOF sprayedWC–12Co coatings [29]. The hardness
values of the WC–25Ni coatings were comparable to those obtained by
Melendez and McDonald [22]. Both the 50 wt.% Ni–WC and WC–12Co
coatings possessed hardness values greater than those obtained by
Melendez [22] using the same Ni content. The WC–12Co–xNi coatings
Table 3
Comparison of experimental and theoretical response variables obtained using the Taguchi me

Powder composition Experimental

Thickness (μm) Hardness

WC–25Ni 1828.13 403.6
WC–12Co–50Ni 560.43 210.6
were also able to retain more carbide particles compared to the WC–
Ni coatings. The highest carbide retention of 74.08% was achieved
using the WC–12Co–4Ni composition.

Fig. 7 is a comparison of the hardness profiles of the WC–25Ni and
WC–12Co–50Ni coatings. Hardness profiles could not be conducted on
all eight coatings as somewere too thin to allow for the required indent
spacing as per ASTM C132 [27]. Overall, the WC–25Ni coatings had
higher hardness values in comparison to the WC–12Co–50Ni coatings.
As the distance from the interface increased, the hardness increased.
At a distance of approximately 1000 μm from the interface, the hardness
reached a maximum value and then decreased as the coating surface
was approached. This behavior was observed for both coatings at simi-
lar positions.

4. Discussion

In the current study the feasibility of using a Centerline SST lowpres-
sure CGDS system, with air as a carrier gas, to deposit WC–x wt.% Ni
coatings onto mild steel was assessed. Gas temperature, stagnation
pressure and standoff distance were varied in order to determine the
optimal deposition parameters for each of the eight powder composi-
tions according to the Taguchi method. Differences in the powder mor-
phology will influence the optimal spray parameters and subsequently
the coating properties obtained for each powder blend.

According to the work conducted by Phani et al. [30], it was found
that the temperature of the inlet gas temperature was themost influen-
tial parameter on the coating properties followed by stagnation pres-
sure and standoff distance, due to its drastic effect on particle velocity.
Increasing the gas temperature has a minimal effect on the particle
thod.

Theoretical

(HV0.3) Thickness (μm) Hardness (HV0.3)

583.41–772.21 283.13–338.09
759.27–949.68 293.62–360.50



Fig. 3.Microstructure of all eight coatingswith composition: (a)–(d)WC–xNi coatings and (e)–(h)WC–12Co–xNi coatings.White phase=WC, light gray phase=Co, dark gray phase=
Ni matrix.
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deposition temperature as the energy is expended on accelerating the
particles to higher velocities. Upon heating, the gas rapidly expands in
the divergent nozzle that results in higher particle velocities [23]. The
stagnation pressure applied during deposition has a considerable influ-
ence on the coating hardness. At lower pressures, most of the particles
are not deposited but are rebounded from the substrate. This results
in a shot peening effect which improves particle bonding and increases
the hardness of the coatings through work hardening as observed by
Lee et al. [31]. The standoff distance used during deposition also plays
Fig. 4. XRD patterns of WC–x wt
a significant role in the coating properties obtained, as it influences
the gas velocity once the particles have emerged from the nozzle. SOD
controls two competingmechanisms that affect particle velocity, name-
ly, particle acceleration/deceleration due to the formed free gas jet and
particle deceleration due to the presence of the bow shock that
increases the drag force experienced by the particles [32]. In this
study, Pattison et al. [32] demonstrated that the occurrence of bow
shock reduced both the velocity of the carrier gas and the entrained
particles. At low standoff distances, the effect of the bow shock was
.% Ni powders and coatings.



Fig. 5. XRD patterns of WC–12Co–x wt.% Ni powders and coatings.
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pronounced resulting in decreased particle velocities and deposition
efficiencies. At high standoff distances, the presence of the bow shock
disappeared, however, the gas velocity had fallen below the particle
velocity resulting in particles deceleration. For optimal deposition, it
Fig. 6. Elemental composition maps of a WC–12Co
was recommended that a region between the two distances be selected
where the occurrence of bow shock has been eliminated.

As observed in Table 3, neither the coating thickness nor the hard-
ness values obtained experimentally fell within the ranges predicted
–4Ni coating. (a) W. (b) Co, (c) Ni and (d) Fe.



Table 4
Coating properties.

Ni (wt.%) Hardness (HV0.3) Porosity (%) Binder mean free path (μm) % WC retained

WC WC–12Co WC WC–12Co WC WC–12Co WC WC–12Co

4 459 ± 19 414.9 ± 23.2 1.47 3.51 5.42 1.77 39.89 74.08
10 391.5 ± 16.1 362.2 ± 32.6 2.27 3.15 12.54 3.10 24.47 63.54
25 305.6 ± 17.0 294.3 ± 31.6 2.70 3.79 21.21 4.85 17.07 47.92
50 275.8 ± 16.3 260.9 ± 25.4 2.49 5.11 48.59 10.09 6.92 27.06
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by the Taguchi method. With CGDS, the deposition of hard and brittle
materials such as carbides has proven unsuccessful unless co-deposited
with a ductile metal in the form of a MMC. With the deposition of the
WC–xNi and WC–12Co–xNi MMCs, the plastic material jet required for
adhesion could only be formed for the Ni and not the WC particles, thus
contributing to the failed Taguchi predictions. It was also proposed by
Whitcomb and Anderson [33] that when applying the Taguchi technique,
the factor levels selected for the experiments should be adjusted to bring
the predicted values closer to the target, reducing the variability. One of
the ways of achieving this is by selecting factor level values that are not
too wide spread from one another. The Taguchi method is not good for
dynamic systems. This was evident from the hardness profiles in Fig. 7
which showed that the coating hardness varies as a function of distance
from the substrate–coating interface to the coating surface. The method
does not take the occurrence of strain hardening, due to the impact of
the hard carbide particles, into consideration and this causes deviations
between the predicted and experimental values. The application of this
technique is also limited in that it can only be applied at the initial stages
of the process design system as to determine the parameter ranges that
are most likely to yield optimal responses [34]. An iterative application
of the method should therefore be applied until convergence between
the predicted and experimental values is obtained, thereby improving
the robustness of the technique.

Despite the limitations of the Taguchi method, the deposition of the
two carbide powder blends, WC–xNi and WC–12Co–xNi, using low
pressure CGDS was achieved even at Ni additions as low as 4 wt.%. As
observed in the XRD patterns of both the WC–xNi and WC–12Co–xNi
coatings presented in Figs. 4 and 5 respectively, the spray conditions
applied did not cause decarburization, oxidation and phase changes
typically observed in HVOF coatings [1,3,4,6–10]. As a result, the chem-
ical composition and bulk properties of the coatings typically remain
identical to the parent powders. Ang et al. [19] observed the occurrence
of grain refinement in which higher deposition pressures, in the range
of 174–218 psi, were used, and concluded that this was due to the
severe plastic deformation experienced during particle impact. In the
current work, the occurrence of possible grain refinement is still under
study.

Three distinct phases were observed in the coatings as depicted in
Fig. 3. The carbide particles were able to embed themselves in the softer
Ni matrix during the deposition of WC–xNi and WC–12Co–xNi pow-
ders, proving that mechanically mixed powders can be used for low
pressure CGDS. Themicrostructure revealed areas rich in Ni and carbide
Fig. 7. Hardness profiles of the WC–25Ni and WC–12Co–50Ni coatings.
(WC and WC–12Co) particles which led to the high standard deviation
observed for the coating hardness values. The carbide content in the
coatings was lower than that of the starting powders, in which the
WC–12Co–xNi coatings had higher carbide retention properties in com-
parison to the WC–xNi coatings. The differences in the carbide content
between the powders and coatings can be attributed to the occurrence
of preferential deposition of the individual powder components which
takes place during spraying. The ductile nature of Ni alsomakes it easier
to deposit unlike the hard, brittle WC particles which shatter upon
impact if deposited without a suitable binder.

PureWC cannot be depositedwithout a binder using CGDS due to its
hard and brittle nature. In the current study unsuccessful attemptswere
made to deposit agglomerated and sintered WC–12 wt.% Co powders
using the low pressure CGDS system without the addition of mechani-
cally mixed Ni powder. The process parameters for the low pressure
CGDS are too low to allow for the adiabatic shear instability to take
place and so allow for thematerial jet formation of the ductile Co binder
component to occur. The Co binder is also embedded between thenano-
sized WC grains, further decreasing its ability to deform and make
contact with the substrate and neighboring particles during deposition.
The addition of Ni to both the WC–12 wt.% Co and WC powders was
therefore necessary to facilitate adhesion. The deposition of WC–Co
powders has been achieved in previous studies by other authors,
where high pressure CGDS systems were used [11–13,19,20], where
pressures up to 300 psi were applied.

The deposition of all the powder combinations investigated, can
therefore be attributed to the deformation and shearing of the ductile
Ni binder during deposition. Lowering the binder content limits the
coating build-up as seen with the 4 wt.% Ni blends. This relationship is
summarized in Table 4. Lower Ni contents reduce powder ductility
and the hard, brittle carbide phase acts as an erodent, chipping away
thepreviously deposited layer. This further substantiates the occurrence
of coating adhesion–erosion during the deposition of theMMCpowders
as observed by Schmidt et al. [23]. Increasing the Ni content led to
increased coating thicknesses, however, compromising the hardness
values. This is because the Ni binder is softer than the hard carbide
phases. At higher stagnation pressures, the thickness of the WC–xNi
coatings decreased, this is presumably due to the sharp angular nature
of the micro-sized WC powder which also erodes the coating during
deposition.

Changes in the morphology of the powders can be observed in both
particle types (WC–xNi andWC–12Co–xNi) as a result of the deposition
process. Fig. 8(a) reveals that the dense WC particle fracture as a result
of the high impact energy experienced during deposition, however
remained embedded within the Ni matrix. The fractured particles,
coupled with the occurrence of porosity within the matrix decrease
the coating hardnessmeasured. In contrast, the spherical, agglomerated
and sintered WC–12Co powder particles presented in Fig. 8(b) were
flattened, elongating the particles across the nickel matrix. This particle
behavior has also been observed duringHVOF spraying and is attributed
to the porous structure and deformability of the bimodal, spherical and
agglomerated powders. Dosta [20] studied the effect of powder porosity
on the deposition behavior of WC–25Co using CGDS. It was found that
the porosity of the starting powder affected the deposition behavior of
the particles and that porosity was essential for particle deformation.
Fig. 9 illustrates the cross section of the WC and WC–12Co used in this



Fig. 8. SEM micrographs showing (a) fractured WC particles within Ni matrix, and (b) elongated and deformed WC–12Co agglomerates within Ni matrix as a result of the high energy
impact experienced during deposition.
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study, in which the porosity of the agglomerated and sintered WC–
12Co powder was calculated to be 31%, classifying it as a high porosity
powder. Similarly to the particles examined in the study by Dosta [20],
the highly porous WC–12Co particles experienced much deformation
and particle compaction during deposition as illustrated in Fig. 8(b).
The porous nature of the spherical and agglomerated WC–12Co in-
creased the deformability of the particles, allowing for particle densifi-
cation and coating build-up. The deposition behavior of the oxide
reduced WC particles resembled that of the low porosity WC–25Co
agglomerated and sintered powders used in the study by Dosta [20] in
that there was very little deformation of the particles during impact.
However, the impact experienced was sufficient to shatter the WC
particles during the deposition of the WC–xNi powders as observed in
Fig. 8(a).

The distinct differences in particle morphology is a probable expla-
nation for the higher carbide retention achieved with the WC–12Co
based coatings in comparison to those formed by the WC powders. As
previously discussed, lower percentages of retained carbide (WC and
WC–12Co) particles were noted in the coatings compared to the
amount present in the starting powders. This can also be attributed to
the fact that the three starting powders, Ni, WC andWC–12Co, had dif-
ferent powder morphologies and densities. This influenced the resul-
tant particle velocity within the moving carrier gas stream. The lighter,
spherical and agglomerated nano-structured WC–12Co particles were
able to achieve greater particle velocities during flight compared to
the dense WC particles. However, the denser WC particles could have
attained higher impact energies during impact, resulting in less porous
coatings. It is hypothesized by the authors that higher carbide retention
could have been attained byMelendez [22] had spherical and agglomer-
ated WC–12Co powders been used instead of the angular, sintered and
crushed powders used in their study. As discussed in literature, the high
impact energies obtained by the WC powders pronounced coating ero-
sion during deposition. In contrast, WC–12Co deposits better under
higher pressures due to its porous and deformable nature.
Fig. 9. Cross sections of (a) WC and (b)
Different levels of porosity were observed in all the coatings, with
higher values found in theWC–12Co–xNi coatings, even though higher
stagnation pressures were required for their deposition. This may be
due to the highly porous nature of the WC–12Co agglomerate powder
shown in Figs. 1(c) and 9(b). The WC–4Ni powder yielded coatings
with the lowest porosity of 1.47% while the WC–12Co–50Ni coatings
possessed the highest porosity of 5.11%. The pores present in the coat-
ings decreased the hardnessmeasured. The softer nature of the Ni bind-
er also contributed to the low coating hardness values as it possesses
hardness values which are substantially lower than carbide materials.

The hardness values obtained for the WC–12Co–4Ni coatings were
slightly lower than those obtained by Melendez and McDonald [22]. It
is postulated thatMelendez [22] was able to achieve greater particle ve-
locities bymaking use of an external volumetric powder feeder to intro-
duce the powder particles into the moving gas stream. The increased
particle velocity would have resulted in greater impact velocities, dens-
er and harder coatings in comparison to when a non-pressurized
vibratory powder feeder is used.

Material interlocking is also oneof the key bondingmechanisms that
occur during the cold gas deposition of powders onto a substrate.
Elemental mapping of one WC–12Co coating depicted in Fig. 6 clearly
reveals that no atomic diffusion took place at the interphase during de-
position. This is an indication that material interlockingwas obtained as
the coatings were well adhered on the substrate.

5. Conclusions

Low pressure CGDS is suitable for the deposition of carbide particles,
provided that a suitable ductile binder is selected to deposit theparticles
in the form of a cemented carbide. In the investigation conducted, cold
spray Ni was able to successfully co-deposit both the WC and WC–
12Co powders even at percentages as low as 4 wt.%. The binder content,
together with the spray parameters had significant effects on the coat-
ing response variables measured. The Taguchi design of experiments
WC–12 wt.% Co powder particles.
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tool used to determine the spray parameters of the powderswas unable
to successfully predict the coating hardness and thickness values to be
obtained for the optimum WC–25Ni and WC–12Co–50Ni coatings.
This is because themethod does not account for the occurrence of strain
hardening that takes place during deposition. XRD analysis of all eight
coatings indicated that no phase transformations took place during
deposition. Overall, dense coatings with some porosity and a non-
homogenous distribution of the carbide phase were obtained for both
the WC–xNi and WC–12Co–xNi combinations. In general, the WC–xNi
coatings possessed higher hardness values in comparison to the WC–
12Co–xNi coatings even though the latter coatings were able to achieve
higher carbide retention. TheWC–4Ni coatings possessed themaximum
hardness of 459.2 HV0.3 and lowest porosity of 1.47% out of all the eight
powder combinations. Particle morphology greatly influenced the de-
position behavior of both the WC and WC–12Co particles. The dense
WC particles fractured as a result of the high energy impact process,
however gave rise to less porous coatings with a higher hardness. The
porous structure of the spherical and agglomerated WC–12Co powders
wasmore deformable allowing for particle densification and elongation
during depositionwhich resulted in higher carbide retentionwithin the
Ni matrix.
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