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In this study, effect of feedstock particle size and nozzle configuration on deposition, microstructural features,
hardness and sliding wear behaviour of high velocity air fuel (HVAF)-sprayed WC-CoCr coatings was evaluated.
Three different WC-CoCr powders with nominal particle sizes of 5/20 pm (fine), 5/30 pm (medium) and 15/45
pm (coarse) were sprayed employing a HVAF gun with four distinct DeLaval nozzle configurations involving
different lengths and/or exit diameters. Microstructure, phase constitution and mechanical characteristics of the
coatings were evaluated using SEM, EDS, XRD and micro indentation testing. Specific wear rate for all the
samples was determined under sliding conditions and a comprehensive post wear analysis was conducted. X-ray
diffraction analysis showed negligible decarburization in all the HVAF-sprayed coatings. It was shown that
decrease in particle size of employed feedstock results in discernible changes in microstructural features of the
coatings as well as considerable improvement in their performance. Also, notable changes in wear mechanisms
were identified on reducing particle size from coarse to medium or fine. Fine and coarse feedstock powders were
found to be sensitive to the type of nozzle used while no major difference was observed in coatings from powders

with medium cut size sprayed with different nozzles.

1. Introduction

High velocity air-fuel (HVAF) spraying method has been considered
increasingly attractive for spraying WC-based wear resistant coatings
and attracting significant research attention. This is largely by virtue of
its capability to produce high quality coatings and overcoming some of
the existing problems such as decarburization [1-3]. HVAF spraying
method typically generates higher particle velocities leading to higher
kinetic energy and, due to the lower flame temperature, the particle
temperatures are also lower compared to other spraying techniques like
high velocity oxy-fuel (HVOF). The latter is a key factor responsible for
diminishing decarburization [4,5]. Moreover, in the HVAF method,
substituting air in place of oxygen not only results in lower spraying
costs, but can also effectively mitigate oxidation of the feedstock.
Consequently, a finer powder cut size can be used as feedstock [6-8].
However, different hardware configurations in the HVAF method result
in varied particle temperatures and velocities. Different torch configu-
rations can be achieved particularly through variations in length and the
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convergent-divergent design of the nozzles. Therefore, selecting a
proper configuration demands a deep understanding of its effect on
properties of the resultant coating. Feedstock characteristics such as
morphology, density, and particles size also significantly influence the
resultant coating properties. Among these, the particle size distribution
can be considered a prominent feedstock characteristic for a given
chemistry in case of HVAF spraying. Both the temperature and velocity
attained in flight by particles are strongly dependent on their size, which
is also a determining factor in selecting the most appropriate HVAF
spraying configuration [9,10].

Some investigations have been previously conducted to study the
effect of HVAF process parameters on characteristics and performance of
WC-based coatings. Matikainen et al. [11] studied the effect of nozzle
configuration on tribological properties of HVAF-sprayed WC-CoCr
coatings deposited using feedstock powder of 10-30 pm size range. They
employed a M3 gun (Uniquecoat Technologies LLC, USA) and utilized
three nozzles of the same length but with different exit diameters: one
cylindrical (named 4L0) and two convergent-divergent configurations
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Fig. 1. Different nozzle configurations used for spraying.

(named 4L2 and 4L4) with increasing exit diameter as the nozzle
designation changes from 4L0 to 4L2 and 4L4 (see Fig. 1 for 4L2 and 4L4
designs). Their results showed that average particle velocity can rise
from 780 m-s ™! for a straight bore nozzle to 900 m-s ™! for a convergent-
divergent nozzle, resulting in substantial improvement in density and
microstructure of the coating. Lyphout et al. [12], utilizing an identical
gun with different nozzles varying in length to spray an identical pow-
der, studied mechanical and wear properties of WC-CoCr coatings. Their
results showed that increasing length of the nozzle leads to an
improvement in microhardness and abrasion wear resistance of the
coating. In another study by Kumar et al. [10], it was shown that the
AKO06 HVAF gun (Kermetico, USA) with three different nozzle designa-
tions 50, 5E and 5L, of varying geometrical design, can result in average
particle velocities of 1010, 960 and 895 m-s™!, respectively, when
spraying WC-CoCr feedstock powder of the same particle size (20-45
pm). However, the above investigations were conducted on powders
with an identical particle size and, as a result, do not provide a broad
view of how the nozzle geometry-particle size combinations can influ-
ence the properties and performance of the resultant coatings. Besides,
given the fact that HVAF parameters are primarily hardware dependent
[12] as compared to other spraying techniques like HVOF and plasma
spraying where other spray variables can play a major role [13,14],
changing nozzles covers a wide-ranging process window in HVAF
spraying and is of considerable practical relevance. Consequently,
considering the rapid progress of the HVAF technology and commercial
availability of different spray equipment, the influence of nozzle
configuration needs to be well established for different powder particle
sizes to be sprayed.

During the spraying process, particles attain different temperatures
and velocities depending on their size. Another key factor is the duration
of high temperature exposure, which itself is dependent on the size
(mass) of the particles [15,16] since the in-flight residence time is
governed by the particle velocity. Through a modeling simulation, it has
been shown that WC-CoCr particles are fully molten during HVOF
spraying when their size is smaller than 15 pm [13,17]. Several studies
have been performed to investigate mechanical properties and tribo-
logical performance of HVAF WC-based coatings [10-12,18-21], among
which a few have investigated influence of particle size [20,21]. Bolelli
et al. [21] studied sliding and abrasive wear performance of HVAF-
sprayed WC-CoCr with two different particle size ranges of 5-30 pm
and 15-45 pm employing M3 and M2 guns (Uniquecoat Technologies
LLC, USA). Their results showed that coatings deposited from powders
with finer particle size yield superior wear performance. The main
objective of this study was to compare the tribological properties of
HVOF and HVAF WC-10Co4Cr coatings and this was conducted by
employing powders of two particle sizes without considering influence
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Table 1
Specifications of the three powders with different particle size used in the study.
Code  Chemistry  Particle Particle size Type Trade
nominal distribution (pm) name
size (pm) b b b
10% 50% 90%
Pc WC-Co-Cr 45/15 22 34 52 Agl. Amperit®
86-10-4 & 558.074
Sint.
Pm WC-Co-Cr 30/5 12 19 28 Agl. Amperit®
86-10-4 & 558.059
Sint.
Pf WC-Co-Cr  20/5 6 13 22 Agl. Amperit®
86-10-4 & 558.052
Sint.

of nozzle configuration. Matikainen et al. [20] deposited two different
powders with particle size ranges of 10-30 and 5-25 pm using an
identical HVAF M3 gun configuration. Average measured temperature
of in-flight particles was 50 °C higher for coarser cut size (1410 °C vs.
1360 °C) while the particle velocity for the finer powder was around 30
m-s~ ! higher than that for the coarser powder (957 m-s 1 vs. 929 m-s’l).
Average Vickers hardness was slightly higher for coatings sprayed with
the coarser powder, with a value of 1458 HV0.3 as compared to 1344
HVO0.3 for coatings sprayed with a finer cut size. The main focus of this
effort was to evaluate cavitation, slurry and dry particle erosion of WC-
10Co4Cr and Cr3C2-25NiCr coatings sprayed by HVOF and HVAF and
two different size ranges for the powders were used without considering
influence of nozzle configuration.

Different nozzle configurations can potentially affect the quality of
deposited coating and need to be properly selected based on particle size
used as feedstock. The studies mentioned above indicate that selection of
an appropriate feedstock particle with a suitable nozzle configuration
could result in an enhanced wear performance. Notwithstanding the
above, none of the existing studies have undertaken a dedicated effort
focused on investigating the effects of particle size and nozzle configu-
ration when spraying WC-based coatings using HVAF. Hence, con-
ducting a comprehensive study, involving a wide range of particle size
distributions and a host of different nozzle configurations, to assess how
each can influence microstructural, mechanical and tribological prop-
erties of HVAF sprayed WC-CoCr coatings is deemed crucial and pro-
vides the motivation for this work. Accordingly, a comprehensive
investigation is conducted on three powders with different particle size
ranges sprayed with four different nozzles with varying length and/or
convergent-divergent design to investigate the influence of nozzle
configuration and particle size on characteristics and sliding wear per-
formance of HVAF-sprayed WC-CoCr coatings.

2. Experiment procedure
2.1. Spraying process

Three commercially available WC-10Co4Cr powders with different
particle size ranges produced by Hogands GmbH employing the
agglomeration and sintering technique (see Table 1), were used as
feedstock material. Domex 355 coupons of diameter 25 mm and thick-
ness 6 mm were used as substrates.

An M3 HVAF torch (Uniquecoat Technologies LLC, Oilville, VA,
USA) was used and four different De Laval nozzles (Fig. 1) were
employed to spray the feedstock powders. All three powders were
sprayed with each nozzle configuration in this study, except Pf which
was not sprayed with nozzle N3.

Cleaned samples were mounted on a rotating fixture and grit-blasted
employing alumina powder. Then the three powders were sprayed with
the process parameters mentioned in Table 2 with a targeted thickness of
250 pm for all the coatings. The carrier gas was Nitrogen. It is relevant to
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Table 2
HVAF spraying parameters used for coating deposition.
Pc Pm Pf
N1 N2 N3 N4 N1 N2 N3 N4 N1 N2 N3 N4
Air (psi) 111 114 113 114 111 114 118 118 111 114 118
Fuel 1 (psi) 100 100 105 105 100 100 105 105 100 100 105
Fuel 2 (psi) 105 105 115 115 105 105 115 115 105 105 115
Carrier (l-minfl) 40 40 50 50 50 50 50 50 50 50 - 50
Feed (g-min~!) 200 200 200
SoD (mm) 300 300 300
Number of strokes 11 13 11 11 15 17 16 17 26 29 - 26

mention that the HVAF torch technology is critically based on the orifice
design inside the torch. Moreover, the fuel and air supply are pressure
controlled, not flow controlled. Therefore, an appropriate way to
describe torch parameters in a M3 MVAF torch would be to indicate the
nozzle dimensions (as done in Fig. 1) and the supply pressures for Air,
Fuel 1 and Fuel 2 (provided in Table 2). Nonetheless, it may be added for
completeness that, the air and fuel pressures stated in Table 2 for nozzle
dimensions indicated in Fig. 1 correspond to flow rates in the range of
9000 1/min for Air and 200 1/min for Fuel 1 and 2.

AccuraSpray — G3C (Tecnar, Quebec, Canada) was employed to
measure temperature and velocity of in-flight particles at impact. In
order to assess repeatability of measured data, the measurement was
repeated three times for Pf sprayed using N1 and N2 nozzles several days
apart.

2.2. Characterization of powders/coatings

Scanning electron microscopy (SEM) analysis was performed on all
powders to examine their morphology and cross-sections. Powders were
collected on carbon tapes and observed under SEM (HITACHI TM3000
microscope, Krefeld, Germany, and ZEISS GeminiSEM 450, Oberkochen,
Germany). In order to perform cross-sectional observations, powders
were mixed with epoxy, cold mounted, ground and polished (employing
the same procedure explained in next paragraph) before being studied in
the SEM.

Employing a surface roughness tester (Surftest 301, Mitutoyo,
Japan), roughness values of as-deposited coatings (R,) were measured as
per ASME B46.1 standard. Three measurements were performed on each
coating and average values and standard deviations have been reported
herein.

After sectioning and hot mounting, the samples were ground and
polished. Grinding was performed by employing a 45 pm diamond disk,
while polishing was carried out successively using 9 pm and 3 pm Kemet
liquid diamond solution. Finally, the specimens were mirror-polished
employing MasterMet 2 dispense. General microstructure analysis of
the samples was performed using SEM analysis.

Vickers hardness of the samples was measured employing Struers

Coating

Duramin-40 microhardness tester (Cleveland, United States). Fifteen
indentations were performed on each sample according to the standard
ASTM E384 [22].

Identification of the crystalline phases was performed by X-ray
diffraction analysis (XRD), with a Philips X'Pert device (PANalytical B.
V., The Netherlands) on as-coated surfaces. XRD measurements were
carried out at 40 kV and 40 mA, with Cu Ka radiation (AKal = 1.540598
A, AKa2 = 1.544426 10\), with a scan range of 20°-80° (20), step size
0.02°, and an acquisition time of 2 s/step.

2.3. Ball-on-disk test

Sliding wear tests were performed on samples with a mirror-polished
surface (ground and polished in the same manner as described in the
Section 2.2), following the procedure prescribed in ASTM G99 standard
[23]. The test was conducted using a tribometer rig (Tribometer TRB3,
Anton-Paar, Switzerland) which monitors friction coefficient during the
test. Alumina balls with radius of 6 mm were employed as the mating
counterpart. The ball-on-disk tests were conducted under a constant
normal load of 20 N, with a constant linear speed of 0.2 m-s~! and for a
total sliding distance of 5000 m. At least two repetitions were performed
for each test on radius 7 and 9 mm of wear trace. All the tests were done
at room temperature with relative humidity of around 30%. After each
test, wear products were collected from the surface of the sample in the
form of debris, and then the samples were cleaned ultrasonically prior to
surface analysis. The top-surface of the wear tracks as well as the wear
debris were characterized using SEM/EDX analysis.

Volume loss in the samples as a result of sliding wear was measured
employing white light interferometry (WLI) technique (Profilm 3D,
Filmetrics, Unterhaching, Germany). Using WLI, it was not possible to
capture the whole wear track. Therefore, volume loss in four different
regions across the wear track was measured (Fig. 2(a)), based on which
an average cross-sectional area was obtained for the wear track at once.
Hence, four different wear track locations, approximately 90 degrees
apart were scanned on each circular wear track. The overall volume loss
was calculated by multiplying the average cross-sectional area by the
total length of the wear track (Eq. (1)). Also, specific wear rate for balls

Ball

W,

Fig. 2. Schematic sketch of volume loss measurements on a) wear track on coating and b) worn ball.
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Fig. 3. SEM images of (a-c) particle surface morphologies and (d-f) particle cross-sections of the three powders used (coarse: Pc, medium: Pm and fine: Pf).

corresponding to wear track radius of 7 mm was measured. For this, the
worn surface area of balls (see Fig. 16) was measured using image
analysis [24], then the corresponding radius (r) and volume loss deter-
mined as shown in Fig. 2(b). Consequently, using Eq. (3), the specific
wear rates for both the ball and the coating were obtained by dividing
volume loss over the normal load (L) and sliding distance.

1 Vi Vo ViV
Vass—ma ing — ~ R —F+—+—+— 1
s -coaing = 5 (7 )(1l+12+13+14) m
1
Vioss—batt = 3 (m.h) (3.7 + 1) )
14
V=la 3)

where in Eq. (1) V;_4 are volume losses at the four scanned locations, [;_4
are the lengths of the corresponding wear track segments at these lo-
cations and R is radius of the wear track. In Eq. (2), h and r are the height
and radius of the removed spherical cap, respectively. Finally, in Eq. (3),
W is specific wear rate, V is volume loss, L is load and d is total sliding
distance.
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3. Results
3.1. Powder characteristics

Morphologies of the three used powders are shown in Fig. 3(a), (b)
and (c). Most of the powder particles of Pc and Pm exhibit a spherical
shape while most of the Pf particles were irregular in shape. Fig. 3(d), (e)
and (f) shows cross-sectional images of Pc, Pm and Pf, respectively. From
the SEM visualization, it is clear that by decreasing the particle size, the
number and dimension of the pores within the particles decreases
because the smaller the dimension the limited number and size of
comprising defects [25]. In other words, the density of individual par-
ticles seemed to increase with decrease in particle size, which can
potentially have an influence on density of the resultant coating.

3.2. Deposition rate

Fig. 4 shows the measured in-flight temperatures and velocities of
particles, in case of different powders used and nozzle configurations
employed. Indicative standard deviation values are drawn as error bars
in the corresponding data points, based on repeat measurements

ONl ON2 @N3 mN4

1100
1000
900
800

70
60
50
40
300
Pc Pm Pf

b

Velocity (m/s)
(=Rl

(=1

Fig. 4. Measured in-flight a) temperature and b) velocity, for the three feedstock powders sprayed using four different nozzles.
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Fig. 5. Deposition rate for various feedstock powders sprayed using four
different nozzles.

conducted on Pf sprayed using nozzles N1 and N2 to show reliability of
data. The particle temperature was not significantly influenced by the
particle size, varying over a window of 105 °C or less when using the
same nozzle. Increasing the exit diameter of the nozzle from N1 to N2,
led to a drop in particle temperature by around 150 °C for Pf and Pm and
by about 100 °C for Pc. The particle velocity was found to increase with
reducing particle size in case of each of the nozzles. However, for a given
powder, no significant differences in particle velocity were discernible
with change in type of nozzle, with the noted variation being limited to a
maximum of around 100 m-s~_.

An average targeted thickness of around 250 pm was achieved for all
the coatings. From the measured coating thickness and the total number
of strokes for each coating (see Table 2), the thickness built up per pass
(deposition rate) can be determined, which is a fair measure of deposi-
tion efficiency. The deposition rates for all the coatings are provided in
Fig. 5.

In general, a substantial decrease in deposition rate can be observed
with decrease in particle size from Pc to Pm and from Pm to Pf. This
trend was consistent and more clearly evident when comparing the
deposition rates for each nozzle used for spraying the three powders
with varying particle size ranges. The reason for this must be related to
the intrinsic properties of particles associated to their dimension and is
further discussed in Section 4.1.

Reduction in deposition efficiency may raise concerns around costs.
However, it is worth mentioning that deposition efficiency is not the
only determining factor governing the choice of feedstock. For example,
a finer feedstock particle size makes it possible to fabricate thinner
coatings which involve less powder being used in a shorter spraying time
and can, in turn, reduce total coating costs. Also, a finer particle size
makes it possible to achieve smoother coatings, which can potentially
reduce the demand for subsequent machining leading to significant
savings in post-processing costs. On the other hand, in this study,
powders of all particle sizes were sprayed with a fixed set of parameters.
Therefore, the “optimum” spray conditions in terms of deposition
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efficiency, which could vary with particle size, may not have been
encompassed in the process parameter window that has been investi-
gated herein in case of all powders.

3.3. Coating microstructure

Fig. 6 shows SEM images of surfaces of the Pc, Pm and Pf coatings
sprayed with the nozzle N2. It is clearly noticeable that, with decrease in
particle size, the surface of the coatings attains a finer morphology,
resulting in a lower average roughness. Average Ra value decreases from
around 4.5 pm for Pc coating to around 2.5 pm and 2 pm for Pm and Pf,
respectively. No significant difference was observed in surface
morphology and roughness of the coatings of the same particle size
sprayed with different nozzles.

Fig. 7 shows SEM images of all the eleven coatings. No significant
differences in microstructure were detected by changing the nozzle
configuration for the same powder. However, with decrease in particle
size, the homogeneity of the coatings seemed to experience a substantial
improvement. The number and size of the dark regions, which corre-
spond to either pores or binder accumulation (see Fig. 17), considerably
decrease with reduced feedstock particle size. In order to differentiate
pores, SE SEM images were taken from the polished surfaces of coatings
from the three different powders (Fig. 8). It was clear that the size and
number of pores dramatically reduced with decrease in particle size
from Pc to Pm or Pf. The Pf coating exhibited the highest density among
all, with minimal detectable pores observable in the coating at 5000 x
magnification (shown by arrows). There could be two main reasons for
this: first, as discussed before, porosity within the particles decreases
with size and consequently yields a denser coating. Besides, as shown in
Table 2, the number of passes needed to reach the targeted thickness
substantially increased with decrease in feedstock particle size despite
the same powder feed rate, which leads to a greater peening effect [26].
This effect can be even more pronounced considering the higher in-flight
particle velocity for smaller cut size powders (see Fig. 4), and conse-
quently result in an improvement in the final density of the corre-
sponding coating.

3.4. X-ray analysis

Since all powders were of identical chemistry, X-ray diffraction
analysis was performed on one of the powders (Pc) as well as two of the
coatings deposited using the coarsest and the finest powders (Pc and Pf)
employing N1 and N4 nozzles. As shown in Fig. 9, no deviation in phase
constitution is recognizable when comparing all the coatings with the
starting powder. This implies that negligible decarburization or phase
change occurs when spraying WC-CoCr feedstock powder through HVAF
within the process parameter window used in this study. This reaffirms
findings from other studies employing the HVAF technique [27].

; R
PcN2

PmN2

PIN2

Fig. 6. SE SEM images of surfaces of as-deposited coatings using powders with three different particle sizes (Pc, Pm and Pf) sprayed with the same nozzle (N2).
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Fig. 7. Cross-sectional BSE-SEM images of all the coatings using powders with three different particle sizes (Pc, Pm and Pf) sprayed with four nozzles (N1, N2, N3
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Fig. 8. SE SEM images of surfaces of the three coatings using powders with three different particle sizes (Pc, Pm and Pf), sprayed with the same nozzle (N2).

3.5. Microindentation test

Results from indentation testing show that the Vickers hardness
values experience a considerable increase with decrease in particle size,
increasing from around 1100-1300 HVO0.3 for Pc coatings, to
1350-1450 HVO0.3 for Pm coatings, and to 1500-1600 HVO0.3 for Pf
coatings (see Fig. 10). This is attributable to the denser coatings being
formed by decrease in particle size, combined with the stronger peening
effect resulting from higher velocity for finer particles as well as the
higher number of strokes required due to the lower deposition rate to
achieve the targeted thickness [28,29]. Average hardness value of the
coatings manufactured from Pc slightly increases with increasing length

of the nozzle and/or increasing degree of divergence (larger exit diam-
eter) of the nozzle (N3/N4 vs. N1/N2). The reason for this could be the
slight increase in particle velocity as seen in Fig. 4 and the corresponding
increase in peening effect. This effect of velocity on peening effect has
also been confirmed by other studies [20,25]. For each particle size (Pc,
Pm and Pf), average hardness values are highest for coatings sprayed by
nozzle N4 as evident from Fig. 10.

3.6. Sliding wear

By calculating specific wear rates of each coating and corresponding
mating ball, as well as monitoring coefficient of friction (CoF) values
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Fig. 10. Vickers microhardness values for all coatings sprayed with various
nozzles and powders with different particle size.
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throughout the duration of the wear test, an effort was made to compare
all the coatings in terms of their sliding wear performance. Also, a
comprehensive post wear analysis was performed to shed light on pre-
vailing material removal mechanisms.

Fig. 11(a) shows average values of friction coefficient for all the
coatings after the initial running-in period (after 10,000 s). Error bars
show standards deviation in the CoF values calculated based on the test
repetitions. It can be seen that, with the sole exception PfN2, the average
value for all the other coatings decreases with decrease in powder cut
size. For Pc and Pm, the average value of friction coefficient was not
found to be dependent on the employed nozzle. Pf sprayed by N2, on the
other hand, had an average coefficient of friction that was about double
as that of PfN1 and PfN4. The reason for this is not clear, but it could be

just an outlier value in CoF which is usual to happen in these coatings, as
it was shown in our other study [30]. It was also shown in the above
study that there was no correlation between the CoF value and the
specific wear rate.

In Fig. 11(b), evolution of friction coefficient of the three coatings
from Pc, Pm and Pf powders sprayed using nozzle N1 is shown. It can be
seen that all the coatings follow the same generic trend, with the CoF
attaining a steady state after around 10,000 s. Also, it is clear that the
CoF value decreases with decrease in particle size. Notably less fluctu-
ation in CoF values (during steady state period) can be observed for Pf
when compared to Pm and Pc, as well as for Pm when compared to Pc. It
is discussed later in Section 4.2 that the reason for reduction in CoF
value as well as its fluctuation can be related to the initial powder
particle size and consequently the size range of the ensuing debris.
Coatings fabricated from smaller feedstock particle size led to produc-
tion of finer wear debris, resulting in lower CoF and less fluctuation.

Fig. 12(a) shows specific wear rates of all the coatings. Specific wear
rate was extremely low and of the order of magnitude of 1078
mm3N~1m™! in all cases. Moving to finer powder cut size from Pc to
Pm, regardless of the nozzle type, the average value of specific wear rate
of the coatings was found to decrease. Further decreasing particle size
(Pm to Pf) leads to further decrease in specific wear rate of the coatings
sprayed employing nozzles N2 and N4. The coatings deposited with
medium and fine sized powders performed similarly, one of the reasons
being that the difference in particle sizes between the two powders was
not as large as that between medium and coarse powders (see Table 1).
Among all the three powder cut sizes, Pm showed the least sensitivity to
the type of nozzle, with the average specific wear rates of all the four
coatings deposited with different nozzles being in the narrow range of
14 x 108 mm3 N1 m to 21 x 10" ¥ mm>*N~1.m™!. Pc and Pf sprayed
by nozzle N1 exhibited the least resistance against wear while Pf sprayed
using nozzle N4 accounted for the best performance among all coatings.
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Fig. 11. a) Average steady state CoF values for all coatings, and b) typical evolution of CoF for coatings with different powder cut size.
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Comparing specific wear rates of the alumina balls used as counter
body in each of the wear tests (Fig. 12(b)), it was difficult to establish a
clear correlation. However, a general trend can be observed that higher
specific wear rate in the coating leads to a higher specific wear rate in
the corresponding ball. Powder Pc sprayed with nozzle N3 was the only
exception in this regard, showing comparable specific wear rate as PcN1
but the counterpart ball exhibiting much lower wear than that of PcN1
counter body.

Lower specific wear rates and consequently smaller contact surface
areas of the corresponding balls (see Fig. 16) in case of coatings fabri-
cated from finer powder cut size, could be correlated with the noted
lower coefficient of friction values. This is consistent with other studies
reporting that smaller frictional surface can result in lower friction co-
efficient [31,32].
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Fig. 13. Schematic illustration of feedstocks Pc, Pm and Pf (a, b and c) and their respective flattening showing the effect of relative powder particle and WC particle

sizes on flattening behaviour.
4. Discussion
4.1. Deposition behaviour

The consistent decrease observed in deposition efficiency for each
nozzle when particle size is decreased can be discussed from various
points of view. According to the literature, it is already known that for
WC-based feedstock sprayed by cold spray and HVOF, the size and
content of WC particles [33-36], powder porosity [29,37] as well as
substrate hardness and roughness [38,39] can all significantly influence
the flattening ability of powder particles impacting the substrate and its
deposition rate. Presence of an intimate conformal contact surface
occurring as a result of particle flattening is essential for good bonding,
and can also be beneficial for enhancing deposition efficiency [36,37].
Porous particles show better deformation ability or flattening upon
impact compared to dense particles [37] and, as a result, have lesser
chance of being rebounded. As discussed in Section 3.1, in case of the
feedstocks used in the present study, increase in particle size corre-
sponds to higher porosity content within powder particle and as a result
improves flattening ability. This is in line with the studies conducted by
Gao et al. [37] on cold-sprayed WC-Co coatings, Varis et al. [29] on
HVOF-sprayed WC-CoCr coatings and Chivavibul et al. [40] on warm-
sprayed WC-Co coatings. So, better deformability can be one of the
reasons for higher deposition rates noted when powder particle size is
increased (Fig. 5).

However, besides the porosity effect, the size of particles is another
key factor determining flattening behaviour. For homogeneous parti-
cles, it has already been shown by experiment and modeling that smaller
particles tend to exhibit greater resistance against deformation upon
impact [41]. Several studies have been conducted with the aim of un-
derstanding the effect of carbide dimensions on flattening behaviour of
WC-based coatings [33-35,42]. If the particle is assumed to be spherical,
the flattening ratio can be defined as [41,43];

h

e:lfa )

where d, and h are particle size and the height of flattened particle,
respectively.
Depending on the relative size of powder particle (d,) and carbide
particle (d,), the flattening behaviour can be categorized as follows:
Case I

5:%>>1,e>0 )

Case II:
d
6:d—’:ml.ez0 (6)

For Case I, where the particle size is much larger than the carbide size
(6 > 1), flattening ratio increases with the ratio d,/d. and can be
calculated theoretically [44]. In this case, the deformability of the par-
ticle is governed by equivalent properties of both binder and carbide
particles. However, with decrease in size of powder particle (d,) when
the carbide size is constant (d.), the flattening ratio progressively de-
creases to the point where the powder particle theoretically comprises
only one carbide particle (Case II) and the flattening ratio approaches
zero. As the ratio dp/dc approaches 1, solid carbide particles dominate
the flattening behaviour. Hence, because of low flattening ratio, the
chance of the particle being rebounded off increases. This trend is
observed when reducing particle size from Pc to Pm and Pf (Fig. 13(a, b
and c)), with decrease in particle size resulting in decrease in § value and
consequently a decrease in flattening ratio (¢) of the particles. This can
explain how more particles tend to bounce off and result in lower
deposition rate for powders with smaller particles, when carbide size is
the same. High chance of particles corresponding to smaller § values
being bounced off after impacting the surface is consistent with other
studies [33,42].

Surface roughness is another factor influencing flattening behaviour
of particles and, as a result, the deposition rate [45]. It was shown in
Section 3.3, Fig. 6, that the three coatings Pc, Pm and Pf are charac-
terized by different progressively decreasing surface roughness values.
During spraying, every deposited layer can be considered as the ‘sub-
strate’ for the next pass. Higher roughness can result in higher induced
shear stress on the particle upon impact, which leads to better flattening
and, consequently, improved deposition rate [38,45].

According to Accuraspray data (see Fig. 4), decrease in particle size
leads to a substantial increase in particles velocity. This can be another
key parameter influencing deposition behaviour of powders with vary-
ing particle size. In case of cold spray, it has been reported that there
exists a critical velocity which the particles must overcome in order to
get deposited successfully onto a substrate [46,47]. Similarly, there have
also been studies on metallic powders which reveal that, for velocities
beyond a certain value, no major difference is noted in deposition effi-
ciency [48,49]. In some cases, it has indeed been shown that increase in
velocity can lead to increase in rebounding of particles [35]. Therefore,
increase in velocity of powder feedstock containing hard WC particles
may not improve deposition rate.
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Fig. 14. SE SEM images of wear tracks on the four tested coatings, revealing changes in wear mechanisms with decreasing feedstock particle size. Pit areas are

indicated by ellipses/circles.

4.2. Wear behaviour

Fig. 14 shows low and high magnification SEM images taken on wear
tracks with the same track radii (r = 7 mm) on tested coating specimens
fabricated from the three feedstocks Pc, Pm and Pf, sprayed with nozzle
N1. Comparing the low magnification images with specific wear rate
values (Fig. 12(a)), it can be inferred that samples with deeper and
higher number of grooves account for higher specific wear rate values.
Another clear difference between the three images is the presence of pits

within the wear track of the sample PcN1, which are negligible in the
other two samples. These pits could have been formed as a result of
breakage of group of carbides resulting in massive exfoliation. It is
plausible that the segregated carbides get stuck between sliding ball and
sample surface leading to chipping of coating and consequently forma-
tion of narrow deep grooves. The other two samples do not exhibit
presence of such grooves, and wide shallow ploughing tracks are
detectable instead. The tracks are deeper and higher in number for the
sample PfN1 compared to sample PmN1. The ploughing tracks could
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Fig. 15. SE SEM image of tribolayer within the wear track of sample CfN1 along with the layered EDS image on tribolayer and EDS maps of O and Al.
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Fig. 16. Wear scars on alumina ball counterbody in case of the three coatings PcN1, PmN1 and PfN1.

have formed as a result of the alumina ball sliding over the surface
leading to coating material being pushed aside as well as beneath
[50,51]. Using nozzle N4 for spraying Pf resulted in the best sliding wear
performance among all the eleven samples. From SEM images of its wear
track (Fig. 14), extremely shallow ploughing tracks are detectable
without any sign of grooving and carbide fragmentation.

One feature that was observed in some of the wear tracks (e.g. PcN1
in Fig. 14) was the formation of a thin, narrow and smooth tribolayer
similar to that reported in a previous study [52]. In some cases, the
tribolayer seemed to be thicker and could be distinguished as a distinct

layer which is perfectly bonded to the surface. Fig. 15 shows a typical
tribolayer within the wear track of sample CfN1. The EDS analysis on the
tribolayer reveals presence of W, Co, Cr, Al and O elements, with O being
the predominant element and W, Co and Cr showing similar patterns.
Hence, the formed tribolayer is essentially a mixture of oxidized ele-
ments from the coating as well as alumina from the ball counterpart.
Formation of such oxide rich layers has been reported by others, and
referred to as tribolayer or tribofilm [52-54]. Presence of a tribolayer
can effectively separate the coatings surface from the counterpart ball
and, therefore, change the governing tribological behaviour of the

NS BN
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Fig. 17. SE SEM micrographs revealing a) pores and b) binder accumulation region (with corresponding EDS maps) in regions outside of wear track of sample PcN4.
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Fig. 18. BSE SEM and EDS micrographs revealing oxide accumulation in pits within wear track of the sample PcN1.
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Fig. 19. Breakage mechanism in Pc coatings, a and b) breakage of a fragment of coating, c) intergranular crack initiated from the pit shown in (b).

surface. It has been reported that the presence of such a tribolayer
covering the surface of a wear track can significantly decrease the spe-
cific wear rate [53-56]. However, the presence or absence of this tri-
bolayer did not seem to significantly influence the specific wear rate or
coefficient of friction of the corresponding samples in this study. The
reason could be that in none of the samples a continuous and wide tri-
bolayer covering a significant fraction of the wear track could be
distinguished.

Fig. 16 shows the wear debris accumulated around the leading edge
of the contacting region of the balls. Presence of the wear debris can
potentially act as third body particles and facilitate the process of ma-
terial removal [57,58]. Parallel ploughs on the balls are detectable along
the sliding direction and can be attributed to such third body action of
particles present in the debris.

It was observed that ploughing was the common mechanism in all
the three (Pc, Pm and Pf) coatings. It was also seen that, for coatings
fabricated from the coarse powder (Pc), several narrow shallow grooves
are visible on the wear track apart from some pits. The presence of these
pits was the main identifiable difference between the Pc coatings and the
other two (Pm and Pf). These pits could have initiated from small pores
and accumulated binder areas (Fig. 17) where there was lack of support
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for material around the pit. Fig. 17(a) shows high magnification SEM
images on shallow and deep pores on the surface of the coating, taken in
areas outside of the wear track regions. Fig. 17(b) additionally shows
regions of accumulation of binder (in form of pits) outside of the wear
track. EDS analysis on the pits shows accumulation of binder rich in Cr in
these regions. Similar EDS map was performed for Co and no accumu-
lation of the element was identified. Similar analysis was also performed
on pits within the wear track (Fig. 18). It is clear that, unlike the ones
outside the wear track (Fig. 17(b)), the pit within the wear track was
filled with material transferred during wear testing, which was mostly
aluminum oxide from the ball counterbody.

SEM analysis at higher magnifications was performed on the wear
tracks to explore breakage mechanism around the pits in more detail.
Fig. 19(a) and (b) shows breakage of coating in the form of batches of
carbides. In Fig. 19(a), breakage of a fragment was observable and
transformed along the sliding direction. It may be pointed out that
similar behaviour was observed for coatings with WC-CoCr feedstock of
identical chemistry sprayed with another HVAF spray gun (Kermetico,
Inc.) [19]. Also, a groove can be detected continuing over the fractured
fragment and being closured within the pit (shown by arrow). Existence
of the grooves facilitates breakage of fragments because of high amount
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Fig. 21. Wear debris from: a) Pc coating, b) Pm coating and c) Pf coating.

of stressed induced to the coating due to presence of a third body par-
ticle. In Fig. 19(b), breakage of several fragments was observable being
separated both along the sliding direction and in the opposite direction
as shown by arrows. These fragments were possibly fractured in absence
of any major third body particle since there was no grooving detectable
over these fractured fragments. These pits can introduce some stress
concentrated locations leading to crack propagation (shown by the
square in Fig. 19(b)) and further breakage into fragments. Fig. 19(c)
shows a high magnification image of the crack indicated in Fig. 14(b). It
can be seen that an intergranular crack was formed regardless of the
carbide's presence towards the next pore. The fractured carbides are
identified with red marks.
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As discussed, the presence of these pits can facilitate the process of
material removal. However, the pits are not reflected as removed ma-
terial when measuring volume loss, since they are already filled up with
wear products. Besides ploughing and grooving as the two common
removal mechanisms for Pc coatings, crack initiation and propagation
around pits leading to breakage of batches or groups of carbides was the
other main wear mechanism. These batches of carbides can be further
fragmented into individual carbides as a result of further sliding and
removed from the surface. The described mechanisms were similar for
the coarse powder sprayed with all the four nozzles (PcN1, PcN2, PcN3
and PcN4). However, in case of Pm and Pf coatings, there was no
detectable fragmentation of carbides as a batch.
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Fig. 22. EDS analysis on wear debris from PcN1 coating.

In both Pm and Pf coatings, there were no signs of pits filled up with
wear products. Instead, as shown in Fig. 20, in the first step, binder
around carbides seems to be removed resulting in lack of support around
the carbides. Then due to load applied from slider, the individual car-
bides could get fractured, leading to production of submicron sized
carbides (shown by arrows in Fig. 20). The last step would be removal of
these nano size wear products. SEM investigation of wear debris con-
firms these differences in wear mechanism between Pc coatings and Pm/
Pf coatings.

As shown in Fig. 21, size of debris particles in case of Pc coatings was
much coarser and irregular shaped than that observed in Pm and Pf
coatings. Fig. 21(a) shows debris produced from Pc coatings, which are
mostly in size range of initial carbide particles (1-3 pm). Presence of
these micro size carbides acting as third body particles explains higher
coefficient of friction during the ball-on-disc tests as shown in Fig. 11.
For Pm and Pf coatings (Fig. 21(b) and (c)), very few micro size particles
are found in the debris, with a majority of them being in the nanometric
size range and spherical in shape.

Comparing dimensions of the wear debris with friction coefficient
values (Fig. 11(b)), it is clear that CoF value is reduced with reduction in
debris size. For Pm and Pf, the presence of nano-sized spherical shaped
debris particles can result in reduction in friction coefficient [31,59,60].
Also, it can be seen that by reduction in debris size, friction coefficient
value as well as its fluctuation was reduced.

Semi-quantitative EDS analysis was conducted on debris from PfN1
samples shown in Fig. 22. Elements of O, W, Al, Co and Cr were
detectable in debris. The EDS analysis conducted on wear debris from
Pm and Pc coatings showed similar result for all.

5. Summary and conclusions

Sliding wear tests were conducted on different HVAF-sprayed WC-
CoCr coatings with the aim of evaluating effect of feedstock particle size
and spray nozzle configuration on tribological performance of the
coatings. Moreover, their influence on coatings' hardness and their
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microstructural characteristics were assessed by conducting micro
indentation test, SEM, EDS and XRD analyses. The main conclusions are
listed as following.

- For a given nozzle, reduction in particle size leads to increased
density, better homogeneity and higher hardness in the coating. At
the same time, the reduction in particle size is accompanied by a
reduction in deposition efficiency. Despite the decrease in particle
size, negligible decarburization was detected in all the coatings. All
these result in better wear performance of the coatings by decreasing
the feedstock particle size.

Fine feedstock powder sprayed with nozzle 5L4 exhibited the best
wear performance among all the coatings. Therefore, nozzle 514 is
recommended for spraying fine powder. However, the specific wear
rates of coatings with the medium sized feedstock were independent
of nozzle type.

Although no major change was observed in microstructure of the
coatings deposited from the same feedstock particle size but with
different nozzle configurations, the average hardness value increased
by increasing length of the nozzle and/or its exit diameter (from
4L4/4L2 to 5L4) for all the three particle sizes.

While shallow and wide ploughing was found to be the common
wear mechanism in all the coatings, decrease in feedstock particle
size led to a major change in material removal mechanism in the
corresponding coating. Wear mechanism for coarse feedstock coat-
ings involved crack propagation around pores and binder accumu-
lation areas leading to breakage of batches of carbides with binder
into the pit areas. Further sliding of the ball possibly caused further
fragmentation and removal of these batches of carbides, with the
debris acting as third body particles to leave narrow deep grooves on
the coating surface. In medium and fine feedstock coatings, no pits
were observed. In these two coatings, the wear process seems to start
with removal of binder and subsequent fracture and fragmentation of
loosely bound individual carbides resulting in removal of fine-sized
carbides. SEM analysis of debris particles confirmed this difference,
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with debris for coarse feedstock coatings being much coarser as
compared to the medium and fine feedstock coating debris.
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