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This work proposes to characterize the composites manufactured of SiC, WC,
and Co [x SiC–(1-x) WC–10 wt.% Co], with x = 0, 0.25, 0.50, 0.75 and 1. These
composites were prepared by high-energy milling (HEM) and consolidated by
spark plasma sintering (SPS). The results showed that HEM promoted a de-
crease in particle size, dispersion, and homogenization of the constituent
phases, improving the densification and mechanical properties of the com-
posites. The WC-Co showed high relative density (96.37%) and microhardness
(9.4 GPa) values. The tribological behavior of the composites was evaluated by
a pin-on-disk tribometer, applied against 1020 steel discs with a 5-N load in
non-lubricated conditions. There was a significant effect from the variations in
the contents of SiC and WC in the wear volumes (3.13 9 10�2–49.0 9 10�2

mm3) and wear rates (0.63 9 10�5–9.83 9 10�5 mm3/N m) of the composites.
Tribological tests showed that the composites sintered by SPS proved to be a
promising material with good tribological performance and attractive for
components/devices subjected to wear.

INTRODUCTION

Silicon carbide (SiC) is a ceramic material, arti-
ficially produced by mixing stoichiometric propor-
tion of silica sand (silica) and petroleum coke. It has
a set of special physical–chemical properties, such
as high hardness and mechanical stability at high
temperatures, excellent thermal conductivity, low
coefficient of thermal expansion, excellent wear
resistance, and high resistance to corrosion and

oxidation, among others.1–4 This low-density, high-
temperature ceramic is present in various indus-
trial applications where tribological conditions are
required, such as cylinder liners, cutting tools,
abrasive machining, brakes, valves, etc.5–7 SiC
ceramics and their composites have been widely
studied by researchers in different wear conditions,
due to their excellent wear resistance.8–10

WC-Co-based cermets play an important role in
the manufacturing processes of cutting tools due to
their suitable mechanical properties such as hard-
ness and toughness.11 In this context, several
researchers have sought improvements in the
mechanical properties of WC-Co-based cermets(Received May 22, 2022; accepted February 21, 2023;
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through the incorporation of a second ceramic
phase.12–14 The ZrO2 ceramic has been widely
studied for a WC replacement in cemented carbide
WC-Co, because, according to Lin et al.15 it notably
improves the flexural strength and impact strength
of WC-20 wt.%Co composites with added ZrO2 (3Y),
but the hardness values have changed little. Other
elements, such as VC and cBN, have also been
frequently studied, and, according to research by
Zhenhua et al.16 the results showed that the relative
density, Vickers hardness, and fracture toughness
of WC-based carbide materials decreased signifi-
cantly as the cBN and VC contents increased.

Siwak and Garbiec17 improved the hardness of
WC-Co cermets with the addition of Cr3C2 and TaC
grain growth inhibitors, sintered by spark plasma.
Olubambi et al.18 investigated the influence of
mixed binder additives based on cobalt and zirconia
on the mechanical properties and tribological char-
acteristics of WC-based spark plasma-sintered cer-
met composites. Fazili et al.12 studied the effect of
the addition of Al2O3 on the electrochemical and
mechanical properties of WC-Co -Al2O3 composites,
using spark plasma sintering (SPS). Genga et al.19

evaluated the effect of the grain size of NbC
additions on the microstructure and mechanical
properties of WC-NbC-Co cermets sintered by
pulsed electric current sintering. Lee et al.20 inves-
tigated the microstructure and mechanical proper-
ties of carbides cemented with WC-TiC-Co
manufactured by sintering with a hot isostatic
pressing process. Recently, we have studied the
microstructural, mechanical, and tribological prop-
erties of Al2O3-WC-Co composites processed by
high-energy milling (HEM) and consolidated by
SPS.21 The results showed that the manufactured
composites are promising materials for abrasive
machining applications, once the mechanical and
tribological properties of Al2O3 have been improved
by the addition of WC-Co. Thus, the effect of adding
SiC to WC-Co cermets with a variation of the
carbide contents (SiC, WC), together with a com-
plete analysis of the mechanical and tribological
properties of the composites [x SiC–(1-x) WC–10
wt.% Co], where x = 0, 0.25, 0.50, 0.75, and 1, have
not yet been investigated in the literature.

SPS is an innovative technique for consolidating
materials. It provides adequate conditions to pro-
duce a wide variety of materials with high densifi-
cation, due to its exclusive advantages of applying
pressure at high temperatures, heat treatments
with a Joule effect, high heating rates, and vacuum
conditions.22,23 This technique has the ability to
quickly sinter materials that are difficult to sinter at
lower temperatures, leading to better final proper-
ties thanks to better control of the microstructure,24

while conventional sintering methods lead to
numerous problems, such as low heating rate and
long periods to reach high temperatures.25,26 In
addition, the thermal cycle is shorter, leading to
energy savings per unit of material produced.27

The HEM technique is increasingly becoming
more common for mixing and homogenizing fragile
ductile systems (ductile component Co, fragiles SiC
and WC), since this way of milling transfers energy
to the particles, causing deformation, shape control,
dispersion, and comminution of these compo-
nents.28,29 Câmara et al.30 successfully utilized
HEM to promote the mixture and homogenization
of the Cu-Sic system. Silva et al.31 successfully
obtained the interaction of the WC-Al2O3 system
through humid HEM using ethyl alcohol and
400 rpm rotation speed. Consecutively, the sinter-
ing stage of composite powders generally follows the
HEM. Therefore, SPS is a widely utilized technique
to sinter systems of difficult consolidation with a
short time and good efficiency, compared with
conventional sintering, such as SiC-WC, SiC-WC-
Co, TiC-SiC-WC, and ZrB2-SiC-WC32–34 composite
materials.

In the present work, composite powders of x SiC-
(1-x) WC–10 wt.% Co, with x = 0, 0.25, 0.50, 0.75,
and 1, were processed by HEM for up to 30 h. The
SPS technique was adopted for the consolidation of
the composite powders. Based on the experiments
and the results, the influence of HEM on the
mechanical and tribological properties of the com-
posites has been discussed in order to evaluate
potential applications for components/devices sub-
jected to wear, such as applications in cylinder
liners, abrasive machining, cutting tools, valves,
etc.

EXPERIMENTAL

Commercial silicon carbide (Saint-Gobain, Bra-
zil), tungsten carbide (Lainez, Brazil), and cobalt
(Stark, Germany) powders were used as precursor
materials. All the powders were 99.9% pure. Several
mixtures were obtained containing x SiC–(1-x) WC–
10 wt.% Co, with x values of 0, 0.25, 0.50, 0.75, and
1.Five composites were produced, in which the
variation of SiC and WC represent 90% weight in
each composition, while the cobalt concentration of
10% weight remained unchanged, thus resulting in
a representative study of the carbide contents.

The composite powders of each mixture were
subjected to HEM using a crucible and carbide balls.
The ball-to-powder mass ratio was fixed at 5:1, and
the total powder mass was 20 g. The composite
powders were milled in a planetary mill (Puveri-
sette 6; Fritsch) for up to 30 h in the presence of
20 mL of ethyl alcohol at a grinding speed of
400 rpm. According to the work developed by Liu
et al.35 and Raimundo et al.36 in ductile–fragile
systems, the ideal time for processing these systems
by HEM is 30 h. For that reason, this time was
adopted in this work. The materials were consoli-
dated by SPS (Dr. Sinter. Lab. Jr. SPS-211 LX;
Kagaku). Powders of each composition were placed
in a graphitic cylindrical matrix. Sintering started
with the evacuation of the system and then a
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uniaxial mechanical pressure of 40 MPa was
applied. Next, a pulsating current was activated
and maintained at 1650 �C with a heating rate of
65 �C/min, remaining for 5 min and then being
switched off. At the end of the process, the speci-
mens were cooled to room temperature. The sinter-
ing process was carried out under a vacuum of
100 Pa. Three specimens were obtained in a single
sintering step for each composition.

Phases in the composites were identified by x-ray
diffraction (XRD; Miniflex II; Rigaku). The following
parameters were used: angular variation from 30 to
90�, speed of 3� per min, and step of 0.02. The effect
of HEM on the morphology of the starting and
composite powders was investigated by field-emis-
sion scanning electron microscopy–(FESEM; (Aur-
iga; Zeiss). Particle size distribution of the powders
was evaluated in the ImageJ software by measuring
the size of 200 particles in each specimen.37 The
microstructure of the sintered composites was
investigated by scanning electron microscopy
(SEM; TM3000; Hitachi).

The apparent density of the sintered specimens
was measured using an immersion method in
distilled water at room temperature and atmo-
spheric pressure, according to the Archimedes prin-
ciple (standard: ASTM B962-13).38 Hence, the
relative density of the sintered specimens was
calculated from the correlation between the theo-
retical density and the apparent density, as dis-
cussed in other works.39,40 The Vickers
microhardness of the specimens was determined
using an indentation technique. The indentation
tests were performed on the surface of the speci-
mens by a digital microhardness tester (MV2000A;
Pantec) under a load of 9.807 N for 10 s at room
temperature, according to standard ASTM E384-
99.41 Each test was replicated eight times and the
mean value was reported.

Before sliding tests, 1020 steel discs were sanded
to reduce surface roughness in wear behavior, using
200–1200-mesh sandpaper. A total of 1020 steel
discs were kept at a contact sliding speed of 0.5 m/s
and a disc rotation of 500 rpm. Sliding tests were
performed on a pin-on-disk tribometer (TE-165LE;
Magnum Engineers India) in non-lubricated condi-
tions. The composite powders were sintered into
stationary pins (5 mm in diameter) and a load of
5 N was applied during the test.

Sliding tests were performed at room temperature
with the relative humidity ranging from 40 to 60%.
The tribological tests on each sample were per-
formed under the same conditions with a sliding
duration of 30 min (or 942 m distance). The friction
force was recorded continuously using an electronic
sensor to generate a coefficient of friction (COF) in
real time.

Surface roughness analysis by optical profilome-
try was carried out before and after the tribological
tests, using a CCI MP Taylor Hobson� profilometer.
The results were analyzed using the

MountainsMap� software. These analyses made
possible the characterization of the specimen’s
surface conditions before and after the sliding wear
tests through the non-contact 3D measurement
method, using magnifications of 9 50, with a reso-
lution of 512 9 512 pixels. The topography of the
surface was acquired by combining several
measurements.

The loss of wear mass was characterized by an
electronic scale (AUW220D; Shimadzu) with a res-
olution of 0.1 mg. Evaluation of the specific wear
rate is usually calculated by measuring the wear
volume (V) through the loss of mass (DW) that
occurred after the test (Eq. 1) and applying it to the
equation developed by Archard (Eq. 2):42

V ¼ DW
qc

¼ Wi�Wf

qc
ð1Þ

K ¼ V

F:S
ð2Þ

The loss of mass of the samples (DW) is obtained
by the difference between the initial (WiÞ and the
final (Wf ) masses of the specimens. The specific
wear rate indicator is K (mm3/Nm), the volume of
worn material is V (mm3), the test load is F (N), and
S is the sliding distance (m). The wear volume, V; is
correlated with the loss of mass after the test and
the specific mass of the composite ðqcÞ.

RESULTS AND DISCUSSION

Morphological Characterization
of the Precursor Powders

Figure 1 shows the FESEM results and particle
size distribution for the SiC, WC, and Co powders.
The SiC powder exhibited a faceted morphology
with sharp edges and homogeneity with the average
particle size distribution of 34.76 lm, as seen in
Fig. 1a, b. The WC powder exhibited particles with
irregular morphology and an average size distribu-
tion of 0.278 lm (Fig. 1c, d). The Co powder had a
spherical shape and the presence of small particles
adhered to the surface of larger particles (Fig. 1e).
Particle agglomeration was also observed with an
average particle size distribution of 3.25 lm
(Fig. 1f).

Effect of High Energy Milling
on the Morphology of Composite Powders

Figure 2a–e shows FESEM micrographs of the
composite powders ground for 30 h. The starting
powders are well dispersed, showing that the HEM
promoted particle size reduction, homogenization
and dispersion of the specimen’s constituent phases.
In the grinding process, the powders were subjected
to high-energy collisions, which cause plastic defor-
mation, cold welding, and dust fracture. The most
fragile ceramic particles (SiC, WC) suffered
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fracture, were refined, and were welded in the
ductile matrix (Co).

Figure 3 shows the average particle size distribu-
tion of the composite powders ground for 30 h. As
shown, the average particle size distribution
(258 nm) was greater for the SiC-Co composition
(x = 1). As the SiC content decreased and the WC
increased in the composite powders, the average
particle size distribution gradually decreased,
x = 0.75 (155 nm), x = 0.50 (116 nm), and x = 0.25
(83 nm). This decay trend is possibly related to the
carbide particle sizes (SiC, WC) in the composition
of the specimens, since the SiC and WC ceramics
have the larger and the smaller granulometry,
respectively, as shown in Fig. 1. The lowest average

particle size distribution (62 nm) was confirmed for
the WC-Co composite (x = 0).

Structural Characterization of the Composite
Powders

Figure 4 shows XRD patterns of the composite
powders [x SiC–(1-x) WC–10 wt.% Co] obtained by
HEM. The peaks observed in the x-ray patterns are
characteristic of WC [WC-type structure, with lat-
tice parameters a = b = 2.9062 Å and c = 2.8377 Å,,
space group P-6m2 (187)],43 SiC [lattice parameters
a = b = 3,078 Å and c = 143.52 Å, ICSD No. 23887,
space group R 3 m H (160)],44 and Co (hcp#Mg-type
structure, with lattice parameters a = b = 2.5054 Å
and c = 4.0893 Å, ICSD No. 44990, space group P63/

Fig. 1. FESEM micrographs and particle size distribution of the starting powders: (a, b) SiC, (c, d) WC, and (e, f) Co.
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Fig. 2. FESEM micrographs of the x SiC–(1-x) WC–10 wt.% Co composite powders ground for 30 h: (a) x = 1, (b) x = 0.75, (c) x = 0.50, (d)
x = 0.25, and (e) x = 0.

Fig. 3. Particle size distribution of the x SiC—(1-x) WC—10 wt.% Co composite powders ground for 30 h.
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mmc (194)].45 The WC phase has eight peaks located
at positions 2h = (31.6�, 35.8�, 48.4�, 64.2�, 65.8�,
73.3�, 77.1�, and 84.4�) which are indexed to the
Miller planes (001), (100), (101), (110), (002), (111),
(102), and (021), respectively. For SiC, a series of
diffraction peaks can be seen, while the Co peaks
are detected at positions 2h = (44.06� and 75.64�)
and are indexed to the Miller planes (002) and (110),
respectively.

Structural Characterization of the Sintered
Composite

Figure 5 shows the XRD patterns of x SiC–(1-x)
WC–10 wt.% Co sintered specimens prepared with
precursor powders ground for 30 h. Only the WC,
SiC, and Co peaks were identified. There is no
evidence of secondary phases from the reactions of
the WC, SiC, and Co phases during the sintering.
All the peaks are identical in position (2h) when
compared to the ground powders. They also present
full widths at half-maximum which were decreased
when compared to the composite powders. This
indicates an increase in the size of the phase
crystallites. Phase C [graphite (2H)#C-type struc-
ture, with lattice parameters a = b = 2.46 Å and
c = 6.71 Å, ICSD No. 76767, space group P 63/mmc
(194)] was identified in position 2h = 54.59� and is

indexed to the Miller plane (004). This phase comes
from the mold matrix of the SPS process.

Microstructure of Sintered Composites

SEM images of the sintered samples derived from
the powders milled for 30 h are shown in Fig. 6. In
Fig. 6a, it is possible to perceive the presence of
dark SiC grains, while the Co grains are lighter in
color. Figure 6b represents the microstructure of
the composite x = 0.75, and reveals the beginning of
the presence of WC, even in small amounts. Fig-
ure 6c, d increasingly shows the presence of WC in
the composites, corroborating their increase in
weight content. Prismatic-shaped WC grains are
seen in Fig. 6e. In fact, according to Garcı́a et al.,46

in sintered cemented carbides (WC-Co) the WC
phase can be recognized as prismatic grains in the
microstructure. As can be seen, the increase in
milling time allowed homogenization, dispersion,
and uniform distribution of ceramic particles (SiC,
WC) in the Co metallic matrix. Another important
aspect is the limitation of grain growth provided by
SPS, due to the short residence time associated with
the high heating rate. The micrographs show a
dense compact with a microstructure free of micro-
cracks, with the SiC and WC grains interconnected
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Fig. 4. XRD patterns of the x SiC—(1-x) WC—10 wt.% Co
composite powders ground for 30 h.
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by the Co binder. Thus, the phase dispersion and
particle size influence the microstructure, density,
and properties (mechanical and tribological) of the
composites.

Relative Density and Microhardness
of the Sintered Composites

The values of relative density and Vickers micro-
hardness of the sintered composites as a function of
the composition are shown in Fig. 7a and b, respec-
tively. Both the relative density and microhardness
decreased simultaneously with an increase of SiC
content and a decrease in the WC. Such trends are

comparable to the WC-SiC composites.47 For x = 0
(no presence of SiC), the composite WC-Co exhibited
the highest microhardness, about 9.4 GPa, and
relative density of 96.37% among all the composites
manufactured in this study. As expected, the micro-
hardness increased as the relative density
increased.34 With the incorporation of SiC and the
reduction of WC (x = 0.25), the microhardness
(7.43 ± 0.81 GPa) and relative density (93.25%) of
the composite started a gradual decay. When the
SiC and WC concentrations were equal (x = 0.5), the
composite exhibited intermediate values of micro-
hardness (4.21 ± 0.69 GPa) and relative density
(91.52%). The trend towards a reduction in

Fig. 6. SEM images of sintered composites x SiC—(1-x) WC—10 wt.% Co for 30 h: (a) x = 1, (b) x = 0.75, (c) x = 0.50, (d) x = 0.25, and (e)
x = 0.

Fig. 7. (a) Relative density and (b) Vickers microhardness of the x SiC–(1-x) WC–10 wt.% Co composites with variation of x (0, 0.25, 0.50, 0.75,
1).
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microhardness (3.05 ± 0.20 GPa) and relative den-
sity (88.51%) with the addition of SiC and decrease
of WC was confirmed for the composite with
x = 0.75. The microhardness (1.99 ± 0.12 GPa)
and relative density (67.83%) of the SiC-Co compos-
ite (x = 1) are significantly lower compared to those
of the WC-Co composite (x = 0). Both properties
decreased sharply with an increase in the content of
SiC and the decrease of WC. According to the Hall–
Petch relationship, polycrystalline ceramics with
greater granulometry have lower hardness values.48

According to Leal et al.49 the preparation of powder
by conventional mixing (mechanical mixing) causes
damage to the densification and mechanical prop-
erties of composite materials in relation to those
processed by HEM. As noted, these properties are
strongly influenced by HEM, since the decrease in
average particle sizes increases the surface area and
significantly improves the sinterability of the
composites.

Tribological Behavior of the Composites

The SiC composites, as wear-resistant compo-
nents used in sliding contact applications, at times
are used in environments in which lubricants
cannot be available and often suffer high friction
losses. In addition, the lubrication of components
exposed to wear in high temperatures is difficult in
certain work conditions. For this reason, the study
of the self-lubrication property of SiC50,51 ceramics
is important.

The SiC was used as second stage as it holds
lubricant properties. In effect, the insertion of SiC
can help to increase the wear property in the
cemented carbide WC-Co. According to Ref 52, the
SiC particles are always added to other materials to
increase their tribological properties. For instance,
one of the main failures of cutting tools is the rapid
increase of the temperature in the interaction area
between the cutting tool and the work piece during
high-speed cutting operations in (50–300 m/min).
Liquid lubrication cannot prevent severe deforma-
tion of the machining zone, which leads to tool
failure. Rrecent advances with the addition of solid
lubricants decrease the friction heating zone and
decrease the energy consumption during high-speed
cutting.53,54

The curves for the COF of the sintered composites
as a function of time during the sliding wear tests in
non-lubricated conditions are shown in Fig. 8. The
COF of the composites fluctuated at the beginning of
the wear test. After the run-in period, the COF was
stabilized. Generally, the average COF for sliding
SiC-based ceramics ranges from 0.20 to 0.90 with
different test parameters and conditions.50 There-
fore, the COF of composites with the presence of SiC
(x = 1, 0.75, 0.50, and 0.25 with COF = 0.48 ± 0.10,
0.88 ± 0.08, 0.31 ± 0.04, and 0.86 ± 0.23, respec-
tively) are in agreement with the literature. Thus,
composites with a low friction coefficient (x = x = 1

and 0.50) are beneficial for stress reduction and
heat dissipation. While the highest COF values
reached by other composites (x = 0.75 and 0.25) can
be assigned to the detachment of the wear waste
which remained stuck between the two sliding
bodies (composite and steel disc), has given rise to
a third body (layer of transfer) which has signifi-
cantly affected the friction resistance and the linear
variable differential transformer55 sensor displace-
ment. Without the presence of SiC (x = 0), the mean
COF of cemented carbide WC-Co reached
0.55 ± 0.08.

Changes in the friction response may be correlated
with changes in the surface chemistry of the mate-
rials as contact occurs. High values of COF result
from the effects of mechanical wear, including abra-
sion or surface fractures,56–58 while the formation of
hydrated silica or an oxide layer adhered to the
interface may be responsible for lower values.59–61
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steel discs.
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Figure 9 shows the wear volume (V, Eq. 1) and
the specific wear rate (K , Eq. 2) estimated for the
composites as a function of composition. The
increase in wear volume is generally attributed to
the increase in fracture for brittle solids.62,63 The
lowest wear volume (3.13 9 10�2 mm3) was
obtained for the WC-Co composite (x = 0), while
the SiC-Co composite (x = 1) reached the highest
wear volume (49.0 9 10�2 mm3), with an increase of
at least 15 times in the wear volume. Composites
(x = 0.25, 0.50, and 0.75) formed within the pres-
ence of SiC and WC ceramics exhibited an increase
in the wear volume with a decrease in the WC
content and a SiC insertion. Previous research has
confirmed the reduction in the wear volume with an
increase in the content of WC in SiC-WC compos-
ites, since the SiC ceramics reinforced with WC has
a higher fracture toughness, which led to the
reduction of mechanical fracture or grain pulling
during sliding in non-lubricated conditions.57,60

In the literature, the wear rates of SiC-based
ceramics sintered in the liquid phase have been
reported to fluctuate between 10–7 mm3/Nm and
10�5 mm3/Nm with variable sliding tests in non-
lubricated conditions.59,61 The wear rates of the
composites ranged from 0.63 9 10�5 mm3/Nm to
9.83 9 10�5 mm3/Nm. The composites of composi-
tions x = 0 (WC-Co) and x = 1 (SiC-Co) reached the
lowest and highest rates of wear, respectively. The
compositions in which the WC and SiC ceramics are
present (x = 0.25, 0.50, and 0.75) exhibited increas-
ing wear rates with the increase in the WC content
and 9 reduction of SiC. Other studies have reported
a reduction in the wear rate in SiC-WC composites
with an increase in WC content.57,64 In general, the
dense microstructure and greater hardness are
beneficial for improving the sliding wear under
low load and in non-lubricated conditions.65,66

Surface Roughness Analysis

Profilometry has been a widely used technique for
assessing surface imperfections, especially for cal-
culating surface parameters. These analyses allow
the characterization of the surface imperfections
before and after the wear test.

Figure 10a–j depicts the 3D surface roughness
profiles of the specimens before and after the wear
test, indicating the progressive surface damage
of 9 specimens. As a result of wear, one can rea-
sonably and qualitatively assess that the surface
roughness profiles have changed to a surface with
deeper holes with higher roughness values.

The surface roughness is described by the arith-
metic mean value, and is based on the average
length between peaks and valleys. The quantitative
parameters based on 2D line roughness, such as
arithmetic mean deviation of the roughness profile
(Ra), and root-mean-square deviation (Rq), as well
as the 3D surface profile parameters, such as
arithmetic mean height (Sa) and root-mean-square

height (Sq) of the specimens before and after the
wear tests were calculated. The definitions of these
surface parameters evaluated on the specimens are
given in Eqs. (3–6):

Ra ¼ 1

l

Z l

0

jZ xð Þjdx ð3Þ

Rq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

l

Z l

0

jZ2 xð Þjdx

s
ð4Þ

Sa ¼
ZZ

a

Z x; yð Þj jdxdy ð5Þ

Sq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZZ

a

ðZ x; yð ÞÞ2dxdy

s
ð6Þ

where Z xð Þ corresponds to the height of the profile
above mean height value and l refers to the
sampling length.

The quantitative parameters based on 2D line
roughness,such as Ra, and Rq, as well as the 3D
surface profile parameters, Sa and Sq, were evalu-
ated to identify the damage in the specimens. These
parameters, before and after the wear tests were
calculated according to standards ISO 428767 and
ISO 25178,68 and are shown in Table I. All the
specimens evaluated showed an increase in the
surface roughness parameters after the wear tests,
which was expected. However, this result only
serves as a qualitative parameter, since no correla-
tion was found between these parameters and the
composition of the specimens.

CONCLUSION

Composite powders [x SiC–(1-x) WC–10 wt.% Co],
with x = 0, 0.25, 0.50, 0.75, and 1, were successfully
manufactured by HEM and consolidated by SPS.
During HEM, the ceramic particles (SiC, WC)
suffered fracture and particle size reduction and
were refined and welded in the ductile matrix (Co),
positively influencing the densification and mechan-
ical properties of the composites. The average COF
of the composites (0.48–0.86) exhibited variations to
higher values, correlated to the effects of mechan-
ical wear, while oxide adhered to the interface may
be responsible for lower values. The composites
exhibited increasing volumes and wear rates with
reduced WC content and increased SiC, showing
that those with higher relative density and hard-
ness offer greater wear resistance. Tribological tests
showed that the composites sintered in this study by
SPS proved to be a promising material for applica-
tions in components/devices subjected to wear, such
as cylinder liners, cutting tools, abrasive machining,
valves, etc.
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Fig. 10. 3D surface roughness profiles of the specimens before and after the wear test in the following conditions: (a, b) x = 0, (c, d) x = 0.25, (e,
f) x = 0.5, (g, h) x = 0.75, (i, j) x = 1.
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53. A. Öztürk, K.V. Ezirmik, K. Kazmanlı, M. Ürgen, O.L. Er-
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