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ABSTRACT

Wear resistant coatings that comply with non-toxic environment goals are highly desir-
able. Cr;C,—NiCr is a promising alternative to the toxic, ‘Co’- containing WC—Co coatings to
mitigate wear. The purpose of this study was to examine the suitability of Cr3C,—NiCr
coatings for automotive brake disc application by systematically investigating their dry
sliding wear behavior at different test conditions. Therefore, High Velocity Air Fuel (HVAF)
and High Velocity Oxy Fuel (HVOF) were employed to deposit CrzC,—NiCr coatings. The
powder feedstock and as-deposited Cr;C,—NiCr coatings were characterized for their
microstructure and phase composition using SEM and XRD. Mechanical properties (hard-
ness, fracture toughness), porosity and surface topography of the as-deposited coatings
were evaluated. The coatings were subjected to sliding wear tests at different normal loads
(5N, 10 N and 15 N) using alumina ball as the counter surface. Coefficient of friction (CoF)
evolution of HVAF and HVOF deposited coatings, along with their wear performance, was
obtained for different normal load conditions. The wear performance ranking of HVAF and
HVOF processed coatings was influenced by the test conditions, with HVAF coatings
demonstrating better wear resistance than HVOF coatings at harsh test conditions and the
HVOF coatings performing better under mild wear test conditions. Detailed post-wear
analysis of worn coatings, the alumina ball counter-body and the resulting debris was
performed to reveal the degradation mechanisms at different test conditions. Findings
from this work provide new insights into the desirable microstructural features to mitigate
wear, which can be further exploited to deposit wear-resistant coatings.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Durability and performance of several engineering compo-
nents is often compromised due to wear-related degradation
[1,2]. Different metallic, ceramic and cermet-based protective
coatings are often employed to combat wear [3—7]. Among the
existing list of coating compositions to mitigate wear, WC—Co
coatings possess superior wear resistance [8—10] and are
consequently widely used in applications such as automotive
brake discs [4]. However, ‘Co’ is known to be carcinogenic [11],
which exposes the operators and end-users to health hazard
[12]. Furthermore, ‘Co’ is not an economically viable and
sustainable option due to its limited availability worldwide
[13]. Therefore, Co-free coating compositions that possess
adequate wear resistance are highly desirable in order to
comply with sustainability and non-toxicity standpoints.

Cr3C,-based cermet coatings have demonstrated excellent
wear performance at high temperature [14—16], and estab-
lished themselves as promising contenders to replace the
toxic, ‘Co’-containing WC—Co coatings. Among the Cr;C,-
based coatings, Cr3C, (75)—NiCr (25) is the most widely utilized
coating composition to mitigate wear of industrial compo-
nents [17]. In particular, for automotive brake disc applica-
tions, coatings that are resistant to sliding wear are of interest
in order to comply with the norms laid down by the European
Commission with respect to particulate emissions of matter
<10 pm [18]. Therefore, investigating room temperature
sliding wear behavior of Cr3C, (75)—NiCr (25) is of immense
industrial interest, especially for assessing their suitability as
a wear-resistant coating for applications such as automotive
brake disc.

In the past, extensive work was reported on room tem-
perature sliding wear behavior of thermally sprayed CrsC,
(75)—NiCr (25) coatings [17,19—22]. The sliding wear perfor-
mance of fine feedstock derived Cr;C,(75)—NiCr(25) coatings
was shown to be promising due to homogeneous distribution
of carbides in the matrix [20]. Bolelli et al. reported improved
sliding wear performance (lower CoF and lower wear rate) of
Cr3C,—NiCr coatings processed utilizing fine feedstock due to
the fine wear debris generation [17]. Additionally, incorpora-
tion of a softer NiCrBSi as lubricating phase in the Cr3C,(75)—
NiCr(25) feedstock did not lower the coefficient of friction [23].
Annealing of CrsC, (75)—NiCr (25) coatings has led to con-
flicting results, with Gariboldi et al. [24] reporting enhance-
ment in wear performance and Guilemany et al. [25] finding
deterioration in tribological behavior under sliding wear
conditions.

Different processing techniques such as laser cladding [26],
PVD [27], CVD [28], and thermal spray [29,30] are often
employed to manufacture wear-resistant coatings for indus-
trial applications. Among these techniques, thermal spray is
an attractive route to economically coat industrial compo-
nents without being constrained by the component size
[4,30,31]. Atmospheric plasma spray (APS) [32,33], High ve-
locity oxy-fuel (HVOF) [17] and High velocity air fuel (HVAF)
[17] processing routes have been employed in the past to de-
posit CrsC,—NiCr coatings. However, plasma processed
carbide-based coatings are prone to decarburization due to
their relatively higher processing temperature compared to

HVOF and HVAF [34,35]. Therefore, HVAF and HVOF processes
have gained immense academic and industrial interest to
deposit wear-resistant coatings [4,29].

In view of the acknowledged promise of the above high-
velocity methods, extensive studies have been reported on
sliding wear performance comparison of HVAF and HVOF
processed WC-based coatings at different normal loads
[36—38]. Bolelli et al. [16] and Matikainen et al. [17] investigated
the temperature dependent sliding wear performance of
Cr3C,—NiCr coatings processed via HVOF and HVAF. Although
a handful of studies investigated the sliding wear of plasma
sprayed Cr3C,—NiCr coatings at different normal loads [33], a
systematic investigation of load dependent-wear perfor-
mance has not been conducted yet for HVAF and HVOF pro-
cessed Cr3C,—NiCr coatings. The Crs;C,—NiCr coatings are of
immense industrial interest due to their excellent wear per-
formance and non-toxic nature as they are free from the
carcinogenic ‘Co’-binder. Therefore, novelty of this work was
to shed light on the load-dependent dry sliding wear perfor-
mance and wear mechanisms of HVAF and HVOF processed
Cr3C; (25)—NiCr (25) coatings. The rationale for opting 25 wt.%
Ni(Cr) binder content and 75 wt.% carbide content was their
optimum hardness and sliding wear performance [39]. The
Cr5C, (75)—NiCr (25) coatings were deposited using standard
HVOF and HVAF parameters and detailed microstructure ex-
amination, topography studies and phase analysis were per-
formed. The HVAF and HVOF processed Cr3C,—NiCr coatings
were subjected to ball-on-disc tests at three different normal
loads (5N, 10 N and 15 N) using an alumina ball as the counter
material. The specific wear rates and the evolution of the co-
efficient of friction were compared for the HVAF and HVOF
processed coatings under different normal load conditions.
Comprehensive post wear analysis of the coatings the mating
alumina ball, and wear debris was performed using SEM/EDS
to reveal wear mechanisms.

2. Experimental work

Carbon steel substrates of disc geometry (25.4 mm diameter
and 6 mm thickness) were grit blasted using alumina of 220-
grit size to achieve a surface roughness of approximately
3 um (Ra). The grit blasted surfaces were cleaned with pres-
surized air to remove any loosely bound particles, including
grit media. A commercially available, agglomerated and sin-
tered chromium carbide (75)-nickel chromium (25) powder
(Cr3C,—NiCr, Amperit 588.059, Hoganas Germany GmbH) with
a particle size distribution of D1g 9—13 um, Dso 18—24 pm and
Dgo 30—44 pm was used as the feedstock to deposit coatings.
An M3 (UniqueCoat, U.S) torch was used to deposit Cr3C,—NiCr
coatings via HVAF process using standard spray parameters.
Similarly, standard HVOF spray parameters developed by TSE
AB, Malmo, Sweden were used to deposit Cr3C,—NiCr coatings
using a DiamondJet torch (Oerlikon Metco, USA) and 5SMPE-HP
feeding system (Sulzer Metco, Germany). The spray parame-
ters used for depositing HVAF and HVOF coatings are sum-
marized in Table 1.

Surface topography of the as-deposited coatings was
analyzed using RTS optical profiler (Wyko® NT1100, USA). The
as-deposited coatings were sectioned, mounted and polished
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Table 1 — HVAF and HVOF processing parameters to
deposit Cr3C,-NiCr coatings.

Coating ID Standoff Powder Air pressure
distance feed rate (psi)
(mm) (g/min)
HVAF coating 350 150 111
HVOF coating 250 40 390

according to the standard procedures discussed elsewhere
[40]. The mirror-polished specimens were analyzed for their
cross-sectional microstructures by SEM (Hitachi TM 3000,
Japan and Zeiss Gemini SEM 450, Zeiss, Oberkochen, Ger-
many). An open domain software, Image J [41], was used to
analyze the porosity content of the as-deposited coatings
using twenty-five independent high magnification (2000x)
SEM micrographs. Hardness measurements were carried out
with a micro-hardness tester (HMV-2 series, SHIMADZU Corp.,
Japan) on the polished surface of the coatings with a normal
load of 0.98 N, while the fracture toughness was measured
with a higher normal load of 2.94 N. Fifteen independent in-
dents were made and their mean and standard deviation are
reported. XRD analysis was performed on the top surface of
the deposited coatings using a Bruker AXS D8 advance
(Karlsruhe, Germany) diffractometer with Cr Ka radiation
(» = 2.28970 A) operated at 40 kV and 50 maA.

The as-deposited coatings were polished to a surface
roughness of <0.2 pm (Ra) prior to performing sliding wear
tests. Ball-on-Disc tests were performed at room temperature
according to ASTM standard G-99 using Tribometer (TRB,
Anton-Paar, Netherlands). An alumina ball of 6 mm in diam-
eter obtained from ST instruments, Netherlands, was used as
the counter-material. Three different normal loads (5 N, 10 N
and 15 N) were used while all other test conditions were kept
unchanged (linear velocity = 0.2 m/s; sliding
distance = 2500 m). Three specimens of each type of coating
(HVAF and HVOF) were identically tested at every load (5 N,
10 N and 15 N). The evolution of coefficient of friction with
sliding time was recorded during each test. In the post-wear
analysis, volume loss of the worn coatings was measured
using white light interferometry (Profilm 3D, Filmetrics, Ger-
many) and their specific wear rates were calculated according
to the following equation:

Volume loss (mm?)

Specific wear lrate:Normal load(N) x sliding distance(m) (1)

The worn coating surface, worn alumina ball surface and
the wear debris were analyzed using SEM/EDS.

3. Results and discussion
3.1. Microstructure

The SEM image of the Cr3C,—NiCr powder in Fig. 1 showed
agglomerated particles in the size range of 15—20 um. The
particle size of the powder feedstock influences the micro-
structure and wear behavior of thermally sprayed coatings
[16]. A finer particle size (<5 pm) is undesirable for HVOF

spraying of powder feedstock, as they have a high surface area
to volume ratio and a low weight, which leads to poor flow-
ability and a loss in deposition efficiency [42]. In addition, a
finer feedstock tends to overheat and lead to thermally
induced phase transformations [42,43] in case of cermets such
as Cr3C,—NiCr, which have large difference in melting point of
carbide phase and the metallic binder phase. According to
Fig. 1, the Cr3C,—NiCr powder feedstock used in this study
contains only few fine-sized particles.

The cross-sectional SEM micrograph of the HVAF sprayed
Cr;C,—NiCr coating showed a delamination-free interface
with the substrate according to Fig. 2(a). The coating
microstructure was dense and showed no visible cracks
within the bulk of the coating. However, few delamination
cracks (as seen approximately 10 um from the coating sur-
face in Fig. 2(a)) were sometimes visible at the interface of
penultimate and final spray pass. This could be attributed to
the lack of peening effect on the final spray pass during
HVAF spraying. Typically, during polishing and grinding
operations of as-deposited coatings, the surface cracks are
eliminated as they are restricted to the near-surface region.
The coating thickness was measured to be approximately
300 pm. At higher magnification, SEM images of the coating
cross-section showed two distinct phases (seen as light and
dark gray) in Fig. 2(b). The light phase corresponds to
metallic Ni-binder, while the gray phase corresponds to the
hard Cr3C,. It can also be seen that the carbide phase was
irregular shaped and plastically undeformed whereas the
metallic binder appears to be plastically deformed. Pores
were also evident in the cross-section image in Fig. 2(b). The
SEM micrograph of the surface at low magnification in
Fig. 2(c) showed a dense microstructure. A closer examina-
tion of the surface at higher magnification in Fig. 2(d)
showed two well-distributed, distinct areas; one of them
flattened to an extent, while the other did not appear to
have undergone any deformation and had a particle-like
appearance. Typically, in HVAF spraying, the ductile feed-
stock undergoes plastic deformation upon impact with the
substrate [44]. In addition, depending on the processing

10 kV|2000 x

Fig. 1 — SEM analysis of the Cr;C,—NiCr feedstock.
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Fine pores

Fig. 2 — SEM analysis of HVAF sprayed Cr;C,—NiCr coating: (a & b) cross-section (c & d) top surface.

conditions, the feedstock may partially melt during flight particle-like phase corresponds to carbides, while the flat-
before it is deposited [45]. In the present case, the ductile tened phase corresponds to the Ni-matrix.

metallic Ni-matrix plastically deforms and accommodates In the case of the HVOF sprayed coating, the SEM image
the brittle ceramic (CrsC,) phase. Therefore, in Fig. 2(d), the of the cross-section in Fig. 3(a) showed a similar

Fig. 3 — SEM analysis of HVOF sprayed Cr;C,—NiCr coating: (a & b) cross-section and (c & d) surface.
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microstructure to that of HVAF coating, in which a defect-
free interface with the substrate was achieved. Even a
near-surface delamination crack was also observed in the
HVOF coated specimen, see Fig. 3(a). The coating thickness
was approximately 300 pm. The high magnification SEM
micrograph of the cross-section in Fig. 3(b) also showed two
distinct, well-distributed, particle-like (CrsC,) gray phase
along with the light ‘Ni’ phase. The particle-like shape of
CrsC, indicates that HVOF spraying too was unable to
accomplish complete melting of carbides in the feedstock
during flight. In addition, pores can be seen in Fig. 3 (b)
which were larger compared to the HVAF spray coating. In
dry unlubricated wear applications, porosity is known to be
undesirable and can adversely affect durability and perfor-
mance [45,46]. The SEM micrograph of the surface also
showed similarities with the HVAF sprayed coating, with a
dense coating surface being observed, see Fig. 3(c). The high
magnification SEM image of the surface of the HVOF sprayed
coating in Fig. 3(d) showed molten and re-solidified splats.
Additionally, the carbide phase seems to be enveloped by
the Ni-phase. These subtle differences in microstructural
features for HVAF and HVOF coatings could potentially in-
fluence the respective sliding wear performance and the
applicable degradation mechanisms.

3.2. Surface topography

The surface roughness of the as-deposited coatings was
measured using an optical profiler and 2D representations
of the surface roughness are shown in Fig. 4. As shown in
Fig. 4, a slightly higher surface roughness (Sa in pm) was
measured for the HVAF sprayed coatings. The higher
roughness of HVAF coatings could be related to particle-like
carbides in the microstructure that appear to protrude from
the surface of the coating, as seen in Fig. 2(d). On the other
hand, as previously observed in Fig. 3(d), in the HVOF
coating, the carbide phase was enveloped by the molten
and re-solidified Ni-matrix that appeared to be flattened to
a greater extent, resulting in its lower surface roughness
compared to HVAF coating. It should be mentioned that, for
wear applications, a lower surface roughness of the as-
deposited coating is often desired in order to save time
and costs associated with grinding and polishing opera-
tions when mating surfaces are involved in actual
application.

r G el V:_ L jum
0.0 100.0 200.0 300.0 400.0 500.0 610.2

Porosity (%)
N

HVAF-Cr3C2-NiCr HVOF -Cr3C2-NiCr

Fig. 5 — Porosity content of HVAF and HVOF sprayed
Cr;C,—NiCr coatings.

3.3.  Porosity analysis

Porosity content of the HVAF and HVOF deposited coatings
was comparable after considering the uncertainty in mea-
surement, as shown in Fig. 5. The results of the SEM analysis
in the previous section show that the pore size in the HVOF
spray coating was larger (~3—4 pm) than the pores size (<2 um)
in HVAF coating, according to Figs. 2(b) and 3(b). For dry wear
applications, porosity is undesirable as it acts as the weaker
link in the coating and results in inferior mechanical proper-
ties and wear performance [47]. In addition, homogenously
distributed pores with a smaller pore size are generally
desirable, since the wear degradation sites are localized and
relatively pronounced in coatings with larger pores [48].

3.4.  XRD analysis

XRD analyses were performed on the Cr;C,—NiCr feedstock
powder and on the as-sprayed coatings and the results are
shown in Fig. 6. The XRD results show that both as-sprayed
coatings retain the crystalline phases present in the feed-
stock powder, i.e. a Ni-based phase and the Cr;C, phase.
However, the peaks of the metallic phase appear broader in
the sprayed coatings than the peak in the feedstock powder.
The observed broadening can be related to phase amorph-
ization during spraying. In fact, previous studies have

= 15.76

10.00

0.000

-10.0C
-15.01

Fig. 4 — 2D representation of the surface roughness of the Cr;C,—NiCr coating deposited by a) HVAF b) HVOF.
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suggested that the rapid solidification occurring after HVOF
spraying of CrsC,—NiCr coatings can result in the amorph-
ization of the metallic matrix [49,50]. On the other hand, in the
case of HVAF sprayed Cr3C,—NiCr coatings, the formation of
an amorphous metallic phase is mainly related to the severe
plastic deformation of the feedstock upon impact with the
substrate [16]. Despite the difference in processing conditions,
a comparable phase composition is observed for HVAF and
HVOF processed Crs;C,—NiCr coatings. In addition, neither
decarburization of the carbide phase nor any formation of
new phases can be seen in the two investigated coatings.

3.5. Mechanical properties

Micro-indentation was used to characterize the as-deposited
HVAF and HVOF sprayed coatings. In general, a micro-
indentation technique estimates the mechanical properties
from a localized area and may not represent the mechanical
properties of the entire (global) coating [51]. Although micro-
indentation technique may not provide an accurate estimate
of absolute mechanical properties, it is a reliable technique for
ranking the mechanical properties of thermally sprayed
coatings [47] and, consequently, widely utilized to evaluate
hardness, fracture toughness, etc. [52,53].

Hardness of the HVAF sprayed coating was slightly higher
than the HVOF sprayed coating, according to Fig. 7(a). In
general, differences in hardness in thermally sprayed coatings
could be attributed to factors such as microstructural features,
phase constitution and porosity content. In the current study,
as confirmed by the XRD analysis, phase constitution of the
HVAF and HVOF processed CrsC,—NiCr coatings was similar.
Furthermore, the porosity content of the as-deposited coat-
ings was also comparable. However, the difference in micro-
structural features (pore size, etc.) discussed in the previous
section could have resulted in a difference in hardness. Higher
coating hardness can be beneficial in minimizing wear loss
[54]. Furthermore, a higher coating fracture toughness delays
the onset of crack propagation and enhances the coating's

WWMW\/\WMM Cr;C,-NiCr HVOF coating
h N\JMMMWWMWMMWWMWW

Cr;C,-NiCr HVAF coating
s WMo ebatgad Yoot

4 CrC,
O Ni(Cr)

Intensity (a.u.)

Cr;C,-NiCr powder

40 50 60 70 80 90 100 110 120
20 (°)
Fig. 6 — XRD analysis of Cr;C,—NiCr feedstock and of the

as-deposited HVAF and HVOF processed Cr3C,—NiCr
coatings.

durability when subjected to wear [55]. Although HVAF
sprayed coatings exhibited higher hardness than HVOF
sprayed coatings, their fracture toughness was comparable to
that of corresponding HVOF coatings after considering the
scatter in measurement, see Fig. 7(b).

3.6. Sliding wear testing

The evolution of the coefficient of friction (CoF) of HVAF and
HVOF sprayed coatings at different normal loads (5 N, 10 N
and 15 N) is shown in Fig. 8. The HVOF sprayed coating at 5N
load showed stable CoF after the running-in stage whereas the
HVAF coating showed an increase in CoF from 0.35 to 0.75
after reaching a sliding distance of approximately 1600 m, see
Fig. 8(a). Furthermore, after reaching a CoF of 0.75, the HVAF
coating showed a stable value until the end of test. All the 3
test repetitions conducted for HVAF and HVOF coatings at 5 N
consistently showed similar CoF evolution.

The HVAF coating at 10 N load showed stable CoF values in
the steady state-regime whereas the HVOF sprayed coatings
showed slightly higher CoF than the HVAF coating along with
fluctuation in the CoF in the steady-state regime. A similar
trend was observed on increasing the normal load to 15 N.
Stable CoF values for the HVAF coating in the steady state
regime can be observed, while fluctuation in CoF was noted in
case of the HVOF coating in the steady regime, see Fig. 8(c). It
should be mentioned that coatings possessing lower CoF can
aid in lowering the wear rates [56,57]. Although an identical
powder feedstock was utilized to deposit HVAF and HVOF
coatings that led to comparable porosity content and phase
composition, the difference in CoF evolution with applied
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Fig. 7 — Mechanical properties of HVAF and HVOF
processed Cr;C,—NiCr coatings: a) hardness b) fracture
toughness.
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normal load is not well understood. Therefore, a detailed post-
mortem analysis of the worn coatings, wear debris and the
counter surface was performed to shed light on the differ-
ences in wear behavior along with the wear mechanisms
prevailing in the investigated coatings.

The specific wear rates of HVAF and HVOF sprayed
Cr;C,—NiCr coatings evaluated at different normal loads (5 N,
10 N and 15 N) are shown in Fig. 9. The HVAF sprayed coating
showed inferior wear resistance at lower load (5 N) compared
to HVOF coating. However, at 10 N normal load, the ranking

'S
[l
1

B HVAF-Cr3C2NiCr

]

w
=]
T

Boe N
o @« o

Specific wear rate (mm?3)/(N.m) X 10¢
N
w (%]

o

5N

was reversed and the HVAF coating showed higher wear
resistance than HVOF sprayed coating. Additionally, the spe-
cific wear rate for HVAF coating at different normal loads of
5N and 10 N was comparable, while that of the HVOF coating
increased substantially. With further increase in normal load
to 15 N, the specific wear rates of both the HVAF and HVOF
sprayed coatings increased substantially compared to those
observed at 10 N load. The HVOF sprayed coatings showed
significantly higher specific wear rates than the corresponding
HVATF sprayed coatings at higher normal loads (10 N and 15 N).
Additionally, the HVAF and HVOF sprayed coatings showed
comparable porosity content and fracture toughness. How-
ever, the HVAF and HVOF sprayed coatings exhibited different
microstructural features such as larger pore size for HVOF
coatings, and the substantially covered carbide phase by the
Ni-phase in HVOF sprayed coatings. Furthermore, the HVAF
sprayed coating showed slightly higher hardness than the
HVOF sprayed coatings. These differences could have led to
the noted difference in their wear performance, as discussed
in detail in the subsequent section.

3.7.  Post-wear analysis

3.7.1. Lower normal load (5 N)

The worn surface of the HVOF coating after testing at a load of
5 N showed a wear track width of approximately 440 pm, see
Fig. 10(a). The wear track also showed a dark phase. The
micro-cutting action of trapped wear particles on the coating
surface was also evident from the abrasion marks in Fig. 10(b),
indicating abrasive wear mechanism. Adhesive wear scars,
denoted by a circle, can also be seen in the coating's wear track
in Fig. 10(b). The higher magnification SEM micrograph of the
wear track in Fig. 10(c) along with the corresponding EDS
elemental maps confirmed the dark phase to be ‘O’ rich,
indicating the formation of tribo-oxides. Furthermore, the
absence of ‘Al’ in the coatings' wear track confirms that no
material transfer from the ball surface to the coated specimen
occurred.

The SEM/EDS analysis of debris collected after wear testing
of the HVOF coating at a load of 5 N showed a distribution of
large (~15 um) and small (<3 pm) wear particles, according to
Fig. 11. The elemental maps confirmed the presence of ‘Al’,
‘Ni’, ‘Cr’ and ‘O’, indicating that the debris originated from
material loss from both the alumina ball surface and the

B HVOF-Cr3C2NiCr

10N 15N

Fig. 9 — Specific wear rates of the HVAF and HVOF sprayed Cr;C,—NiCr coatings at different normal loads.
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Fig. 10 — SEM/EDS analysis of worn HVOF coating: a) micrograph showing wear track b) micrographs showing abrasive and
adhesive wear scars c) micrograph showing tribo-oxides and their corresponding elemental maps.

coating. Furthermore, the larger wear particles seem to be
generated due to adhesive wear resulting from cold junction
between alumina/tribo-oxides (Cr and Ni-oxide) as the larger
wear particle comprised ‘Al’, ‘Ni’, ‘Cr’ and ‘O’.

In the case of the HVAF coating, a larger wear track width
(~470 pm) than for the HVOF coating was observed, according
to Fig. 12(a). Additionally, in contrast to the HVOF coating, the
SEM image in Fig. 12(a) showed an extensive presence of dark
phase (tribo-oxides) in the entire wear track, see Fig. 10(a). As
shown in Fig. 12(a) and (b), the formed tribo-oxide layer seems
to have spalled-off near the center of the wear track and
shows the brighter (Ni matrix) and greyish (carbide) phases
underneath. The spallation/detachment of the tribo-oxide can
plausibly explain the sudden spike in the coefficient of friction
observed after ~1600 m of sliding distance, see Fig. 8(a). SEM/
EDS analysis of the wear track shown in Fig. 12(c) confirmed
the presence of O, Cr and Ni in the dark phase, indicating
tribo-oxidation as one of the wear mechanisms. The wear
track in Fig. 12(c) also showed micro-cutting of the Ni-matrix
and micro-cracking of the carbide phase due to the trapped
wear particles between the coating/alumina surfaces, due to
which the abrasive wear mechanism comes into play.

Furthermore, the tribo-oxide film formed in the wear track of
the coating during the sliding wear test showed visible cracks
that were randomly oriented, according to Fig. 12(c). Typically,
the wear particles generated from the coating/counter surface
during the test are trapped between the mating surfaces,
which are fragmented into finer particles during the course of
the test [45]. These fine wear particles oxidize due to frictional
heat generated during the test and are eventually smeared
onto the surface of coating/alumina ball [44,58]. The formation
of such tribo-oxides during wear tests has been reported to aid
in lowering CoF and minimizing the wear rate [45]. However,
the influence of tribo-oxides on the coating's wear perfor-
mance depends on several factors such as the test conditions
(applied load, linear speed, etc.), composition of the tribo-
oxide, adhesion of the tribo-oxide film to the surface, tribo-
oxide thickness etc. [59].

The SEM/EDS analysis of debris generated from sliding
wear testing of the HVAF coating showed cluster of particles
that were less than 6 um in size, according to Fig. 13. The
elemental maps of the wear debris confirmed the presence of
Al, Ni, Cr, O, indicating material loss from the alumina ball
surface and the coating. Furthermore, the debris generated

Fig. 11 — SEM/EDS analysis of the wear debris of the HVOF coating after ball-on-disc testing at a normal load of 5 N.
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“Cracks in tribo-oxide
R R

Fig. 12 — SEM/EDS analysis of the worn HVAF coating after ball-on-disc testing at a load of 5 N a) micrograph of wear track b)
micrograph showing spalled tribo-oxide layer c) micrograph showing carbide pullout, cracks in tribo-oxide layer along with

the corresponding elemental maps.

from the coating were mostly tribo-oxides as the elemental
maps of ‘Cr’ and ‘Ni’ revealed that these elements co-existed
with a corresponding ‘O’ map.

The ball wear scars of HVAF and HVOF tested coatings at
different normal load conditions are shown in Fig. 14. The
alumina ball used as a counter surface with the HVAF coated
specimen showed an elliptical scar with minor axis of
approximately 300 pm, see Fig. 14(a). One possible explanation
for the elliptical wear scar noted on the ball can be the accu-
mulation of wear debris in the vicinity of the contact region
between the coating and the ball. On the other hand, the
alumina ball used for the HVOF coated specimen showed a
mildly distorted circular wear scar with a diameter of
approximately 280 um, see Fig. 14(e). This would suggest that
the wear debris generated in the case of the HVOF coating gets
expelled from the contact region.

The post-wear analysis of HVAF and HVOF coatings after
testing at a normal load of 5 N sheds light on the respective
CoF evolution discussed in the previous section. The strong
tribo-oxide formation in case of the HVAF coating explains its
lower CoF up to a sliding distance of 1600 m compared to the

HVOF coating. The spallation of the tribo-oxide film in the
HVAF coating after a sliding distance of 1600 m led to an in-
crease in its CoF from 0.35 to 0.75, which was higher than for
the HVOF coating. On the other hand, the discrete tribo-oxides
formed in the case of HVOF coating did not result in lowering
its CoF. The wear debris analysis of HVAF and HVOF coatings
showed similarities in terms of material loss from the alumina
ball and the coating. However, the shape of the wear scar on
the ball differed for the HVAF and HVOF coatings due to the
interaction of wear debris generated from the coatings with
the contact region. The difference in wear behavior is inti-
mately related to the microstructural differences where the
particle-like carbide phase morphology in the HVAF coating
appears to easily detach from the matrix, resulting in the
formation of wear particles that act as three-body abrasion
media and contribute to the higher wear rate than in the HVOF
coating. In the case of HVOF coating, the splat-like
morphology of the binder matrix enveloped the carbide
phase effectively and resisted easier detachment of Cr3C, and
formation of three body abrasion media, resulting in lower
wear rate than in the HVAF coating.

Fig. 13 — SEM/EDS analysis of wear debris generated from the HVAF coating at 5 N normal load.
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HVAF-5 N

HVAF-10 N

HVAF-15 N

Fig. 14 — SEM analysis of wear scars on alumina ball used as counter surface for (a, b and c¢) HVAF coating subjected to 5 N,
10 N and 15 N load, respectively (d, e, f) HVOF coating subjected to 5 N, 10 N and 15 N load, respectively.

3.7.2. Post wear analysis at 15 N normal load

The SEM analysis of the HVOF coating exposed to a 15 N
normal load during wear testing showed a wear track width
of approximately 2000 pm, see Fig. 15(a). The wear track in
Fig. 15(b) showed abrasive wear (micro-cutting and micro-
cracking) scars along with dark phase, whose correspond-
ing elemental maps revealed tribo-oxides (Cr, Ni & O).
Additionally, elemental mapping also revealed the presence
of ‘Al’ in the wear track, indicating material transfer from
the alumina ball to the coating. Comparing HVOF coating
after wear testing at 5 N and 15 N, it can be seen that an
increase in normal load resulted in smearing of wear debris
generated from the alumina ball on the coating surface. It
should be mentioned that the wear debris trapped in the

[ =

o
1 ——

[
—— ——

wear track contributes to three-body abrasion, resulting in
enhanced wear loss. The higher magnification SEM micro-
graph of the wear track in Fig. 15(c) showed local collapsing
of splat, along with a network of randomly oriented cracks
in its close vicinity. The reason for the collapse of splats can
be attributed to the presence of coarse pores under the
surface, which tend to reduce the local load-bearing ca-
pacity of the splats at higher applied loads (15 N). In the
past, a similar collapse of splats due to porosity was re-
ported at intermediate to high loads for thermally sprayed
coatings [60].

SEM/EDS analysis of the wear debris revealed material loss
from the coating and alumina ball, according to elemental
maps of Al, Ni and Cr shown in Fig. 16. Additionally, the wear

L

Fig. 15 — SEM/EDS analysis of the HVOF coating subjected to sliding wear test at 15 N normal load a) low magnification of
wear track b) high magnification of wear track and its corresponding elemental maps showing tribo-oxides, c) encircled

region in micrograph showing local collapse of splat.
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Fig. 16 — SEM/EDS analysis of the wear debris of the HVOF coating after ball-on-disc testing at 15 N normal load.

debris generated from the coating was in the form of tribo-
oxides (Cr, Ni and O). The ball wear scar of the HVOF coating
after aload of 15 N seen in Fig. 14(f) showed a circular shape of
approximately 2 mm diameter, which correlated with the
coating's wear scar width. With an increase in load from 5N to
15N, the diameter of the ball wear scar increased for the HVOF
coating along with the retention of circular shape. Smeared
tribo-oxides can also be clearly seen on the surface of the
worn alumina ball.

In the case of the HVAF coating, the wear track width
shown in Fig. 17(a) was approximately 1000 pm, i.e. half of the
wear track width of the HVOF coating. The wear track width
ranking of HVAF and HVOF coatings subjected to aload of 15N
also correlated with their specific rate ranking at 15 N. The
wear track in Fig. 17(b) also showed smeared wear particles on
the coating surface that resulted in abrasive wear (micro-
cutting) scars along the sliding direction. The higher magni-
fication SEM image in Fig. 17(c) and the corresponding
elemental maps (Al, Cr, Ni, O) further confirm that the wear
particles generated from the alumina ball resulted in abrasive

wear in the coating. The SEM image in Fig. 17(c) also showed
carbide-pullout from the worn coating surface.

The SEM/EDS analysis of the wear debris in Fig. 18 showed
fine particles (<4 pm size) that comprised mostly tribo-oxides
(Cr, Ni and O) along with traces of ‘Al’, indicating material loss
from the coating and the ball surface. The ball wear scar in
Fig. 14(c) showed an elliptical shape whose major axis was
approximately 1000 pm, in contrast to the circular shaped scar
observed in the case of the HVOF coating. Additionally, the
wear scar showed smeared tribo-oxide layer.

3.8. Microstructure-wear behavior correlation

In general, the HVAF sprayed coating comprises partially
molten and plastically deformed/undeformed splats due to its
lower processing temperature than coatings produced by
HVOF and plasma spray [29,44]. During HVAF spraying of a
cermet feedstock such as CrsC,—NiCr, the binder (Ni) un-
dergoes plastic deformation upon impact and accommodates
the harder carbide phase that barely undergoes any plastic

o
— s 1

Fig. 17 — SEM/EDS analysis of HVAF coating subjected to sliding wear test at 15 N normal load a) wear track b) micrograph
showing abrasive wear scars c) micrograph showing tribo-oxides in the elemental maps along with material transfer from

ball to coating.
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Fig. 18 — SEM/EDS analysis of the wear debris of the HVAF coating subjected to 15 N normal load.

deformation. Furthermore, porosity in a HVAF sprayed
coating is formed due to inadequate plastic deformation of the
binder as a result of insufficient kinetic and thermal energy
imparted to the feedstock. In this work, the HVAF coating
seemed to possess adequate thermal and kinetic energy that
resulted in low porosity. With HVOF sprayed coatings, the
feedstock underwent inflight melting due to its higher pro-
cessing temperature compared to HVAF. In this study, the
binder phase (Ni) melted and/or plastically deformed, which
resulted in well-defined splats enveloping the harder Crs;C,
phase by the binder (Ni) and rendering a smoother surface
compared to a HVAF coating. In HVOF sprayed coatings, pores
are formed when the feedstock does not undergo adequate
either melting or plastic deformation [30]. In the current
study, HVOF coatings showed low porosity content, compa-
rable to the porosity content of HVAF sprayed coatings.
However, the pore size in the HVOF sprayed coating was larger
than in the HVAF sprayed coating. XRD results also confirmed

Higher surface roughness
Ni-binder

Particle-like Cr;C,

Fine pore

that the phase composition of HVAF and HVOF sprayed
coatings was similar and showed minimal oxidation/decar-
burization. Furthermore, the fracture toughness of the HVAF
and HVOF coatings was comparable.

The sliding wear performance of HVAF sprayed coatings
was inferior to HVOF coatings at lower normal load (5 N).
The as-deposited and post wear SEM analysis indicated that
the particle-like carbide phase was easily detached/pulled-
out from the binder (Ni) in the case of HVAF sprayed
coating. The worn carbide particles trapped in the contact
region between the alumina ball and the coating and
contributed to three-body abrasion, resulting in higher wear
rates. The wear particles entrapped in the contact region
became finer with the progression of the test and were
eventually smeared onto the coating's surface as tribo-
oxides. On the other hand, the splat-like appearance of the
binder phase in the HVOF coating that enveloped the car-
bide phase resisted its detachment/pull-out, resulting in

Cr;C, enveloped by Ni
Lower surface roughness

oarse pore

Sliding
Wear

Higher
Load

Collapsing of splats due to coarse pores

Micro-cutting (Ni) Carbide‘-/pullout
Tribo-oxides

Micro-crackin
o® Wear Track

. . Carbide-pullout
Micro»cracking\;rr'bo‘O ides l Micro-cutting (Ni)
(CrsCy) s .

-0 e

?“‘.-

Wear Track

Fig. 19 — Illustration of sliding wear behavior and degradation mechanisms of Cr;C,—NiCr coatings deposited by a) HVAF,
and b) HVOF.
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superior wear resistance at lower loads. Additionally,
extensive tribo-oxide formation in the case of HVAF sprayed
coating due to easier detachment of CrsC, particles from the
matrix at 5 N load led to lower CoF than HVOF coating up to
~1600 m of sliding distance. Delamination of tribo-oxides
after 1600 m of sliding distance, as evident from the post
wear analysis of HVAF coating, led to abrupt spike in CoF for
HVAF coating. However, at higher normal loads, the wear
performance was reversed and the HVAF coating exhibited
higher wear resistance than the HVOF sprayed coatings. A
schematic illustration of the influence of microstructural
features on the wear behavior and mechanisms at higher
normal load is shown in Fig. 19. Based on the post-wear
SEM/EDS analysis, it can be said that, at higher normal
load (10 N and 15 N), presence of larger sub-surface pores in
the HVOF sprayed coating resulted in localized collapse of
splats. Additionally, the wear debris generated and entrap-
ped in the wear track due to localized collapse of splats
further contributed to wear losses via three-body abrasion.
On the other hand, the relatively fine pores in HVAF coating
resisted localized collapse of splats at higher load. Further-
more, the HVAF coating showed minimal tribo-oxides
smeared onto the coating's surface at 15 N compared to
that observed at 5 N load, indicating the applied normal load
influences formation and adhesion of tribo-oxides on the
surface. The results of this work on the load-dependent
formation and delamination of tribo oxides agree with the
results on thermally sprayed cermet coatings by Vashishtha
et al. [58]. The HVAF and HVOF coatings showed similar
wear mechanisms, i.e., abrasive wear (micro-cutting of Ni
and micro-cracking of CrsC,), tribo-oxidation, adhesive
wear, brittle-fracture of the carbides, carbide-pullout, etc.,
see Fig. 19. However, their distinct microstructural features
appeared to dictate wear performance at different load
conditions.

4, Conclusion

In this work, two different thermal spray processing tech-
nologies, i.e., High Velocity Air Fuel (HVAF) and High Velocity
Oxy-Fuel (HVOF), were employed to deposit CriC,—NiCr
coatings utilizing previously optimized set of spray parame-
ters. The deposited coatings were characterized in detail for
their microstructure, porosity content, phase composition,
mechanical properties, and surface roughness. The as-
deposited coatings were subjected to ball-on-disc tests at
mild (5 N, 10 N) and harsh (15 N) sliding wear conditions. The
important findings from this work can be summarized as
follows:

e Surface morphology of HVAF sprayed coatings showed
particle-like appearance of carbide phase whereas the
HVOF sprayed coatings had a splat-like appearance. This
was attributed to the difference in the processing condi-
tions of the coatings.

e HVOF sprayed coatings exhibited coarser pore size than
HVAF coatings, although their overall porosity content was
comparable to HVAF coatings.

e XRD analysis of the coatings and feedstock confirmed
similar phase composition and negligible decarburization/
oxidation.

e HVAF coatings showed inferior wear resistance at 5 N than
HVOF coatings. The particle-like surface morphology of
HVAF coatings led to easier detachment of the carbide
phase compared to splat-like morphology in HVOF coat-
ings where the Ni-phase covered carbide phase resisted
easier detachment.

e HVAF coatings showed superior wear performance than
HVOF coatings at 10 N and 15 N load. Coarser sub-surface
pores in the HVOF coating led to localized collapse of
splats, resulting in higher wear rates for the HVOF coating
than the HVAF coating.

e HVAF and HVOF coatings showed similar wear mecha-
nisms, i.e., tribo-oxidation, abrasive wear (micro-cutting of
Ni and Micro-cracking of CrsC,), adhesive wear, and car-
bide-pullout.

Based on the results, it can be concluded that Cr;C,—NiCr
coatings comprising fine pores and substantially covered
Cr;C, phase by the Ni-phase demonstrate a higher sliding
wear resistance under different load conditions.
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