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Evaluation of the wear behavior of composite coatings based on Stellite 6 with additions of WC-Ni and
CrzC,, produced via high-velocity oxygen fuel (HVOF) spraying at an elevated temperature. Evaluation of
the effects of these carbides on the wear mechanism and to determine their impact on the formation of
protective tribolayers. Stellite 6, a cobalt-based alloy, is widely known for its resistance to wear and
corrosion, and the incorporation of carbides such as WC-Ni and CrzC, further enhances these
properties. Two types of composite coatings were developed: SW (Stellite 6 with WC-Ni) and SWC

Received 10th September 2025, (Stellite 6 with WC-Ni and CrzC,). Microstructural analysis revealed that the carbides were uniformly

Accepted 30th November 2025 distributed in the Stellite 6 matrix, with higher hardness and improved wear performance compared to
DOI: 10.1039/d5ma01042j similar coatings without carbides. Wear tests were conducted at room temperature and 300 °C. The

results indicate that both coatings exhibit low wear rates caused by different wear mechanisms when
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Introduction

The demand for coatings that provide excellent wear resistance
at both room and elevated temperatures has driven advance-
ments in thermal spray technologies, particularly high-velocity
oxygen fuel (HVOF) spraying." Wear-resistant coatings protect
surfaces in industrial machinery and components that operate
under harsh conditions, such as high temperatures and
mechanical stresses.” Studies have shown that the formation
of protective tribolayers during sliding wear, particularly at
elevated temperatures, can significantly influence the wear
performance of coatings.’”

Stellite 6 is a cobalt-chromium alloy known for its superior
wear and corrosion resistance due to the formation of hard
carbides such as M,C; during solidification.®® However, these
carbides do not form during the rapid solidification associated
with HVOF spraying.'®'" The addition of carbides to the Stellite
6 matrix has the potential to further improve these properties
by increasing the overall hardness of the coating and promot-
ing the formation of protective oxides during wear.'**?
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Carbides like WC and Cr;C,, when embedded in a metal
matrix, provide excellent wear resistance due to their high
hardness and ability to resist deformation under mechanical
stress.”*™*® WC-based coatings have been extensively studied
and are commonly used in wear-resistant applications, offering
excellent performance at room temperature and moderate
temperatures.'>'”"*® However, WC can suffer from decarburiza-
tion at higher temperatures, negatively impacting its wear
resistance. On the other hand, Cr;C, is more stable at elevated
temperatures and has been shown to
resistance."®*°

improve wear
In commercial applications, WC and Cr;C, are
typically used in coatings with metallic binders such as Ni, Co,
or NiCr.*'72°

HVOF spraying is a thermal spray process known for produ-
cing dense, high-quality coatings with low porosity and mini-
mal oxidation.?”>° The process involves propelling a mixture of
powder and fuel gas at supersonic speeds onto a substrate,
resulting in strong adhesion and minimal thermal degradation
of the feedstock materials."° Therefore, HVOF is an ideal
method for depositing coatings containing carbides, as it
preserves the integrity of the carbide particles, preventing
excessive decomposition and ensuring their uniform distribu-
tion within the matrix.>®*" Previous studies on coatings with
the addition of different carbides (i.e., WC, TiC, Cr;C,) have
demonstrated superior wear resistance and mechanical
properties.’**>?* This improvement is associated with the
interaction between the load-bearing capacity of the hard phase
and the modification of the third bodies formed during wear.*?
Despite the extensive research on WC and Cr;C,-based
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coatings, the impact of using both carbides within a Stellite 6
matrix hasn’t been thoroughly investigated, especially regard-
ing how third bodies form in HVOF-sprayed coatings.****

In a prior study, the performance of a Stellite 6 coating was
compared with that of a coating including chromium carbide at
both room temperature and 300 °C, and the formation of a
protective oxide film at higher temperatures was observed with
the inclusion of carbides.*® This study investigates the wear
behavior of composite coatings based on Stellite 6 with addi-
tions of WC-Ni and Cr;C,-WC-Ni, produced by HVOF, at an
elevated temperature of 300 °C. Specifically, the study seeks to
evaluate the effect of these carbides on the formation of
protective tribolayers and their influence on the wear resistance
of the coatings.

Methodology

Composite coatings were produced from a mix of ceramic and
metallic powders, specifically gas-atomized Stellite 6 (Eutectic
Powders, Canada), chromium carbide (Eutectic Powders,
Canada) and agglomerated and sintered WC-Ni powder (AMPER-
IT® 547, H.C. Starck, Germany). The particle size distribution of
each powder was measured and characterized before proceeding
with the coating deposition process using a laser diffraction
analyzer (Microtrac, Germany). The morphology of each powder
was examined using a scanning electron microscope (SEM,
SU3500, Hitachi, Japan). X-ray diffraction (Co source, 1 =
1.78897 A, D8, Discovery Diffractometer, Bruker, USA) was used
to further analyze the Stellite 6 powder and determine its phases,
while its cross-section was used to obtain its microstructure
using the ECCI mode (SU8300, Hitachi, Japan).

The coatings were produced using the high-velocity oxygen-
fuel (HVOF) spraying technique, a method renowned for creating
dense, high-quality coatings. The spraying parameters are pre-
sented in Table 1. Two composite coatings were designed using a
metallic matrix in addition to one or two types of carbides. The
first coating contained a blend of Stellite 6 and WC-Ni powders,
while the second was a composite of Stellite 6, WC-Ni, and Cr;C,
powders. The corresponding volume percentage in the powder
mix is presented in Table 2. Different compositions aimed at 60
vol% of the main carbide in the as-spray coating.*® The deposi-
tion efficiency for each coating was measured as the weight gain
divided by the mass of powder sprayed.

The coatings underwent metallographic preparation post-
deposition to achieve a smooth, polished surface. This process
involved multiple steps of polishing, starting with 9 pm, 3 pm

Table 1 Spray parameters for SW and SWC coatings

Parameter Value
Feed rate (g min ") 23
Number of passes 35
Oxygen flow rate (LPM) 304
Propylene flow rate (LPM) 79
Air flow rate (LPM) 422
Transverse speed (mm s ) 1000
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Table 2 Volume percentage in the powder mixture for spraying

Percentage in powder mixture (vol%)

Coating Stellite 6 WC-Ni Cr;C,
SW 44 56 —
SWC 20 10 70

and 1 pm diamond suspension, and finishing with 0.05 pm
colloidal silica to ensure a high-quality surface finish. The
phase composition of the coatings was evaluated using scan-
ning electron microscopy (SEM) coupled with energy-dispersive
X-ray spectroscopy (EDS), enabling the quantification of phase
percentages across the cross-section of the coatings. Addition-
ally, Vickers hardness tests were performed on the top surface
of each coating at both ambient room temperature and elevated
temperatures of 300 °C, utilizing a Microcombi tester (Anton
Paar, Austria).

Wear resistance of the coatings was conducted in a ball-on-
flat configuration featuring a reciprocating motion. These tests
were systematically performed at both room temperature and at
elevated temperatures of 300 °C on polished samples using a
heating stage. The temperature was measured on the surface of
the sample before and after the test using a thermocouple. The
parameters for the wear tests comprised a 10 mm track length,
anormal load of 5 N, and a test frequency of 1 Hz, resulting in a
maximum sliding speed of 3.14 cm s~ *. An Al,O; ball was used
as a counterbody of 6.35 mm diameter. This configuration was
explicitly selected to mimic conditions similar to those in
previous studies with composites.>® The volume loss of the
wear tracks was measured using light profilometry (NewView,
Zygo Corporation, USA). An average cross-sectional worn area
was calculated from the areas under the curves for a minimum
of 30 depth profiles, which were extracted perpendicular to the
sliding direction (see Fig. S1 in SI for more information). The
average of the 30 measurements was then multiplied by the
track length to obtain a measure of wear volume for the test.
The wear rate was calculated by normalizing the wear volume to
the normal load and total sliding distance. Volume loss of
counterbodies were measured with the same profilometer by
comparison and subtraction of an ideal sphere with 6.35 mm
diameter (see Fig. S2 in SI for more information).

SEM-EDS and Raman spectroscopy were employed to ana-
lyze the effects of wear on the coating materials and obtain
insights into the phase changes occurring within the worn
regions. Raman measurements were carried out using an InVia
spectrometer (Renishaw, UK) with an Ar+ ion laser source
operating at a wavelength of 514.5 nm. A minimum of four
measurements were taken at different points within the worn
areas to ensure the reliability and reproducibility of the spectral
data collected.

Results

The particle size distribution and morphology of the powders
used in the coatings are shown in Fig. 1. The three powders

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Particle size distribution of the powder feedstock and micrographs of the (b) Stellite 6, (c) chromium carbide and (d) tungsten carbide with

Fig. 2 Stellite 6 powder characterization. (a) XRD spectra. (b) Low magnification, (c) higher magnification and elemental distribution of a particle’s cross

section. (d) refers to cobalt content and (e) chromium.

(metallic matrix, agglomerated-tungsten carbide, and chro-
mium carbide) exhibit similar particle size distributions
(Fig. 1a), with D50 values of 34 um, 37 um, and 37 um,
respectively. According to XRD analysis (Fig. 2a), the Stellite
6 powder exhibits an FCC structure, and SEM images (Fig. 2b-e)
show a dendritic structure with an inner Co core and an outer
Cr layer.

These powders were combined to create two distinct com-
posite coatings, labelled SW and SWC. The first coating, SW,
was designed with a mixture of 30 wt% metal and 70 wt%
tungsten carbide (44 vol% metal and 56 vol% carbide). The
second coating, SWC, was a blend of 20 wt% metal, 60 wt% WC-
Ni, and 20 wt% Cr3;C, (20 vol% metal, 10 vol% WC-Ni, and
70 vol% Cr3Cy).

A summary of the coatings’ properties, including deposition
efficiency (DE), volume fractions of matrix and carbide, and
porosity, is provided in Table 3. The retention of chromium
carbide in the SWC coating was lower than that of tungsten
carbide, which resulted in a decreased DE for this coating.

Table 3 Properties of as-sprayed coatings

Lower DE shows the higher compatibility of WC-Ni with the
deposition process, leading to a larger retention within the
coating. Hardness measurements at both room temperature
(RT) and elevated temperatures (300 °C) are also presented in
Table 3. These values are higher than those of comparable
coatings without the carbide addition.*® The hardness of the
SWC coating, with a higher total carbide content, is higher than
that of the SW coating at both RT and elevated temperatures.
Both coatings show a lower hardness when tested at elevated
temperatures (300 °C) related to the thermal softening of the
metallic matrix and binder.*®

Fig. 3 and 4 present micrographs of the coatings’ cross-
sections, showing the deposited materials’ morphology. The
electron channeling contrast imaging (ECCI) of the metallic
splat’s microstructure, as presented in Fig. 3b, reveals an
absence of dendritic features, a result of the thermal input
during the spraying procedure, which contrasts with the pow-
der feedstock (Fig. 3b). Furthermore, the coating cross sections
exhibited a well-bonded structure and homogeneously

Percentage in coating (vol%)

Hardness (HV,.3)

Coating DE (%) Stellite 6 WC-Ni Cr;C, Porosity RT 300 °C
SW 75 37+ 4 61 £ 4 — 3+0.3 800 + 123 693 + 96
SWC 40 24 + 2 17 £1 58 £ 2 1+0.7 918 + 114 820 + 64

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

(a) Cross-section morphology of the SW coating and (b) details of
its constituents.

distributed metallic splats and deformed carbide particles. No
evidence of phase segregation or agglomeration was observed,
indicating that the carbides and the metallic matrix were evenly
dispersed throughout the coating. In terms of brightness con-
trast in the micrographs, WC-Ni appeared as the brightest
phase (light grey), followed by the metallic splats (medium
grey), while Cr;C, showed the darkest appearance (dark grey).
This contrast highlights the compositional differences between
the phases.

The average coefficient of friction (CoF) as a function of the
number of cycles and the wear rate at room temperature are
presented in Fig. 5, and the results at 300 °C are shown in Fig. 6
(see Fig. S3 to S8 for the curve of each repeat in the SI). At room
temperature, both coatings exhibited higher CoF values during
the run-in period, followed by a steady state throughout the
wear tests, with only minor differences in wear rate. However,
significant differences were observed at 300 °C. Compared to
the results at room temperature, the fluctuation of CoF can be
attributed to the formation and recirculation of debris at the
interface, which is more significant for the SWC coating. A
reduction in the coefficient of friction for the SWC coating is
observed at approximately cycle 7500. Additionally, a reduction
in wear rate values from 35 to 17 (x10™® mm® N™* m™') was
observed. Therefore, the presence of chromium carbide in SWC

936 | Mater. Adv., 2026, 7, 933-941
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Fig. 4 (a) Cross-section morphology of SCW coating and (b) details of its
constituents.
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Fig. 5 Average of coefficient of friction versus number of cycles and wear
rate at RT.

coating led to the formation of a protective tribolayer. The
tribolayer, confirmed by EDS mapping and point analysis,
consisted primarily of oxide phases that protected the surface
from further damage during wear. The protective tribolayer’s
development was essential in transitioning the wear mecha-
nism from severe to mild at elevated temperatures. In contrast,
with a higher proportion of tungsten carbide, the SW coating

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Average of coefficient of friction versus number of cycles and wear
rate at 300 °C.

demonstrated less tribolayer formation, leading to increased
wear under the same conditions from 5000 to 20 000 cycles. The
SW coating’s wear rate was substantially lower than the SWC
coating’s, despite the latter’s protective tribolayers. The SW
coating wear rate is lower by an order of magnitude after
5000 cycles and 80% following 20 000 cycles.

The effect of the carbides in the coatings is essential in
understanding their wear mechanisms. At room temperature,
the carbides provided the load-bearing capacity within the SW
and SWC coatings, presenting mainly abrasive marks on the
metallic matrix (Stellite 6 splats), suggesting that the carbides
protected the matrix from significant damage as observed in
Fig. 7a and d, respectively. Fig. 7b and e highlight the formation
of tribolayers mainly found at the centre of the wear track. For
both coatings, the tribolayer is rich in Co, Cr and O (Fig. 7c and
f). The oxide tribolayers in the SWC coating are larger (Fig. 7b

View Article Online
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and e), with signs of particle pull-out observed in the wear track
(Fig. 7d), in comparison to the SW coating.

At elevated temperatures (300 °C), the SW coating presents
mainly adhesive wear, with some traces of abrasive wear.
Fig. 8b mostly shows metallic (Stellite 6) splats with abrasive
marks and tongue-shape-like deformation. Therefore, the low
volume loss of SW coatings can be related to the material’s pull-
out and minimal oxidative tribolayer formation, as observed in
Fig. 8c (approx. 20 um in length). For this tribolayer, Co, Cr, W
and O were detected, and the presence of W is different from
the results at room temperature. On the contrary, the tribolayer
formation on the SWC coating was predominant. The higher
wear rate at 5000 cycles is linked to the generation of wear
debris that is eventually compacted into the tribolayer. A drop
in CoF from 5000 to 20 000 cycles (Fig. 6) can be attributed to
the protective nature of this tribolayer. Fig. 8f highlights a
transition area of the tribolayer where un-sintered debris is
observed, and smoother regions are observed at the centre.
Fig. 8g and h demonstrate that the tribolayer expanded over the
different phases present; for instance, tungsten from the car-
bide can be detected under the tribolayer. Therefore, chromium
carbide contributed to wear resistance by promoting the for-
mation of the oxide-based tribolayer at 300 °C after 7500 cycles.

After sliding at 300 °C for 20 000 cycles, different locations
across the wear track were measured using Raman spectro-
scopy. Fig. 9a shows a mixture of binary and ternary oxides
present on the SW coating. Peaks attributed to Co;0, are clearly
identified; other peaks can be the ternary CoWO, or binary
WO0,.37% Oxides such as Co;0, and Cr,0O; correspond to
oxidized elements from the Stellite 6 matrix and CoWo, and
WO;, most likely from tungsten carbide oxidation.**™° Fig. 9b
presents the spectra obtained from the SWC coating. The
overlap of the different peaks is more present; however, the
main oxide seems to be the ternary CowO, and binary

20 pm

Fig. 7 Top view of the wear track of (a)—(c) Stellite6—WC-Ni coating and (d) and (e) Stellite6—CrzC,—WC-Ni coating tested at RT for 5000 cycles. White
arrows highlight the abrasive marks and yellow arrows the formation of tribolayers. EDS-mapping of (c) SW and (f) SWC coatings.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Top view of the wear track of (a)—(c) Stellite6—WC-Ni coating and (e)-(g) Stellite6—CrzC,—WC-Ni coating tested at 300 °C sliding for 20 000

cycles. EDS-mapping of (d) SW and (h) SWC coatings.
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Fig. 9 Raman spectra of (a) SW (Stellite6—WC-Ni) and (b) SWC (Stellite6—WC-Ni—CrzC,) coatings tested at 300 °C.

Cr,05.2%3° Other oxides are CoO, C050,, and WO,.>¢73%4° The
peaks close to the graphitic carbon suggest the presence of
carbide particles mixed with the oxides.

Fig. 10 shows low and high-magnification micrographs of
the cross-section of the SCW coating worn tracks. The cross-
section revealed sub-cracks on the chromium carbides
(Fig. 10a) and some regions with tribolayers (Fig. 10b). Ele-
mental analysis on the tribolayers detected regions rich in Cr
(36 Cr, 24 O, 16 W, 16 Co wt%, others) and similar analysis
could be drawn from the EDS mapping shown in Fig. 11,
showing a high concentration of Cr and O at the surface of
the coating, in addition to Co and W.

The volume loss of the alumina counter balls for all
conditions was measured in the order of 1077 and
107> mm?®, and wear rate values in the range of 10° and
10"* mm® N"' m™" for the SW and SCW coating, respectively.
Fig. 12 presents the micrographs of the two coatings tested at
room and elevated temperature for 5000 and 20000 cycles.

938 | Mater. Adv, 2026, 7, 933-941

Transfer films are observed on the different wear balls.
Fig. 12a highlights the transfer film of the alumina ball
sliding against the SW coating containing bright particles
related to a high W content (39 W, 24 O, 23 Al, 6 Co, 5 C,
3 Cr wt%) embedded in a matrix containing mainly Co (30 Al,
28 O, 20 Co, 11 W, 7 Cr, 4 C wt%). Sliding against the SW
coating at an elevated temperature (300 °C) develops a transfer
film covering the contact area, as seen in Fig. 12b and c. The
elemental analysis revealed a similar composition high in W
content after sliding for 5000 cycles (41 W, 23 O, 12 Al, 11 Co,
7 Ni, 5 Cr, 1 C wt%) or 20000 cycles (43 W, 19 O, 14 Co, 9 Al,
7 Ni, 6 Cr, 2 C wt%). Fig. 12d-f show the alumina balls sliding
against the SCW coating. At room temperature, the small
regions covered by a transfer film present a rich W content
(39 O, 20 W, 20 Al, 13 Cr, 4 Co, 4 C wt%). And at elevated
temperatures (300 °C), the transfer films that mostly covered
the contact area showed a similar elemental distribution rich
in Cr after sliding for 5000 cycles (29 Cr, 29 O, 18 W, 12 Co,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Cross-section of the SWC worn coating after sliding 20 000 cycles at 300 °C. (a) Low and (b) high magnification highlighting the tribolayer.

Sliding direction is left to right.

Fig. 11 EDS mapping of the SWC worn coating after sliding 20 000 cycles at 300 °C. Sliding direction from left to right.

10 Al, 2 C wt%) and 20 000 cycles (32 Cr, 26 O, 18 W, 12 Co, 7
Al, 3 Ni, 2 C).

Therefore, WC particles (identified by the Raman peaks,
Fig. 9a) transferred to the alumina ball at room temperature
promote the abrasive marks observed on the SW coating
(Fig. 7a). The WC particles are mixed with Co-matrix, similar
to the tribolayers formed on the SW coating (Fig. 7b), suggest-
ing a Co-rich oxide film. On the contrary, no WC particles are
observed on the alumina balls sliding against the SCW coating,
which can be related to the less pronounced abrasive marks on
this coating. At elevated temperatures, the transfer film can
confirm the presence of the tungsten oxides observed on the
worn surface of both coatings; however, the high Cr content can
emphasize the main peak related to Cr,O; on the Raman
spectra for the SWC coating.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Conclusions

This study investigated the wear behavior at elevated tempera-
tures of composite coatings based on Stellite 6 with additions of
one or two types of carbides (WC-Ni and Cr;C,) produced via high-
velocity oxygen fuel (HVOF) spraying. The composites presented
an excellent wear resistance, in the order of 10 * mm > N"'m™".

The coatings presented a homogeneous distribution
between the molten metallic splats and deformed carbide
particles. The rapid solidification of HVOF spraying prevents
the presence of dendritic or spike-like features in the metallic
phase, segregation of intermetallics or carbides, and decarbur-
ization of the hard phase, unlike coatings containing WC and
Cr;C, found in the literature (typically produced as WC-Co, WC-
CoCr, CrzC,-Ni, and CrzC,-WC-NiCoCr). The SWC coating

Mater. Adv,, 2026, 7, 933-941 | 939
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Fig. 12 Micrographs of the top view of the alumina counter ball sliding against SW coating at (a) RT, (b) 300 °C for 100 m, (c) 300 °C for 400 m and SWC

coating at (d) RT, (e) 300 °C for 100 m, (f) 300 °C for 400 m.

exhibited higher hardness at both room temperature and
elevated temperatures (300 °C) compared to the SW coating,
which is attributed to its higher carbide content. Both coatings
exhibited lower hardness at elevated temperatures due to the
thermal softening of the metallic matrix and binder.

Wear tests at room temperature and 300 °C provided sig-
nificant insights into the wear mechanisms. At room tempera-
ture, both coatings exhibited higher coefficients of friction
(CoF) during the run-in period, followed by a steady state with
minor differences in wear rate. The carbides provided load-
bearing capacity, resulting in mainly abrasive marks on the
metallic matrix, suggesting protection from significant
damage. Minimal oxidative wear was observed with the for-
mation of tribolayers rich in Co, Cr, and O at the centre of the
wear track for both coatings.

At 300 °C, the SW coating showed an elevated CoF with a low
wear rate, presenting primarily adhesive wear and a less pre-
dominant presence of abrasive and oxidative wear. The
presence of W in the tribolayer at elevated temperatures
differed from the results at room temperature. In contrast,
the SWC coating showed a lower CoF and higher wear rate,
particularly when comparing the results after 5000 cycles. After
20000 cycles, the oxidative wear of the SWC coating with a
tribolayer formation led to a significant drop in CoF and wear
rate (compared to 5000 cycles). The tribolayer consists of
different oxides, and a significant presence of Cr was detected
by EDS and Raman spectroscopy.

Although the alumina ball slid against hard coatings, its wear
rate remained low, ranging from 10 ° to 10 ® mm® N™" m ™" for
the SW and SWC coatings, respectively, due to the formation of a
transfer film on the coatings.

The results highlight the distinct roles of carbides in deter-
mining the mechanical and tribological properties of the coat-
ings. The SW coating, with WC-Ni, outperformed the SWC
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coating in terms of wear resistance at elevated temperatures.
Tungsten carbide, although effective in load-bearing, did not
contribute as significantly to tribolayer formation, causing the
CoF to remain constant up to 20000 cycles. In contrast, the
addition of chromium carbide promotes the formation of a
protective tribolayer, reducing the CoF.

The advantage of spraying a cobalt-based alloy (Stellite 6) in
combination with WC-Ni or Cr;C, coating using HVOF is the
ability to tailor the distribution, chemistry, phase distribution,
and microstructure of the metallic and carbide phases. Overall,
the results underscore the potential of these composite coat-
ings for applications requiring high wear resistance at elevated
temperatures.
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