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Abstract: This paper presents research on the effects of the addition of various contents of graphene
oxide and sintering temperature on the mechanical, tribological, and electrical characteristics of
WC-ZrO2 composites. Wet processing and spark plasma sintering provided dense samples with
simultaneous reduction of graphene oxide (rGO) during sintering. The obtained results showed that
the best mechanical properties were observed at a sintering temperature of 1700 ◦C in samples with
0.5 vol.% rGO content; namely, indentation fracture toughness (5.8 ± 0.4 MPa·m1/2) and flexural
strength (872 ± 43 MPa) increased by 9% and 24.3% compared with the sample without rGO. In
addition to improved mechanical performance, rGO-reinforced composites exhibited lower wear
rates and friction coefficients than non-rGO composites, due to the formation of a graphitic lubricating
tribolayer on worn surfaces and counterbodies in a friction pair, which provided sufficient lubrication
to reduce the coefficient of friction and wear rate. The resulting composites also showed low electrical
resistivity, suggesting the possibility of using electrical discharge machining to manufacture ceramic
products of complex shapes from them.

Keywords: tungsten carbide; graphene oxide; zirconia; mechanical properties; friction coefficient;
wear resistance

1. Introduction

The utilization of WC-Co cemented carbides is widespread in various demanding en-
gineering applications, due to their exceptional mechanical and tribological properties [1–8].
However, their practical use as structural components requiring high temperature strength,
oxidation resistance, and corrosion resistance is limited by the poor thermal stability of the
cobalt (Co) binder [9–11]. Recently, scientists have increasingly been looking for alternatives
to cobalt, due to its price volatility, toxicity, and the degeneration of its properties [12]. As a
result, researchers have been focusing on the development of novel WC-based materials
reinforced with ceramic phases such as zirconia (ZrO2), magnesium oxide (MgO), and
alumina (Al2O3) [13–16]. These materials not only exhibit improved mechanical perfor-
mance but also possess high tribological properties [17–20], making them promising for
industrial applications like machining, mining, and others. The mechanical properties that
have been reported for WC-ZrO2 differ depending on the composition and consolidation
method used. Mukhopadhyay et al. reported that spark plasma-sintered (SPS) WC–6
wt.% ZrO2 and WC–10 wt.% ZrO2 nanocomposites showed 10.9 and 10.1 MPa·m1/2 and
1.3 and 0.9 GPa of fracture toughness and Vickers hardness, respectively [21]. Basu et al.
demonstrated the dependence of fracture toughness of WC–6 wt.% ZrO2 composites on
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SPS temperature; values were in the range 5.6 MPa·m1/2 (1200 ◦C), 6.3 MPa·m1/2 (1250 ◦C),
5.9 MPa·m1/2 (1300 ◦C) [22]. In another paper, the effect of sintering temperature and
time on the fracture toughness of WC–6 wt.% ZrO2 composites obtained via pressureless
sintering was investigated. At temperatures of 1600 ◦C (3 h) and 1700 ◦C (1 h), the fol-
lowing values were obtained: 5.4 MPa·m1/2 and 4.4 MPa·m1/2, respectively [17]. Malek
et al. studied the interrelationships between the dispersion of the secondary ZrO2 phase
and the material properties of WC-based composites with up to 10 vol% of zirconia. The
obtained fracture toughness values of the sintered composites ranged from 5.4 MPa·m1/2

(SPS temperature 1700 ◦C) to 6.2 (SPS temperature 1800 ◦C) [23]. Lancev et al. obtained a
fracture toughness value of 4.4 MPa·m1/2 for WC–5 wt.% ZrO2 composites produced by
the SPS method at a temperature of 1450 ◦C [24]. In that work [25], it was found that with
the incorporation of 3 and 10 wt.% ZrO2 in the WC matrix, the fracture toughness values of
SPS composites at 1600 ◦C were 7.4 and 8.7 MPa·m1/2, respectively.

Nevertheless, like many ceramic composites, WC–ZrO2 has some disadvantages, in-
cluding low fracture toughness and flexural strength [26,27]. Thus, it is crucial to enhance
these properties. Additionally, the processing of ceramic composites presents challenges
due to their high hardness, making conventional mechanical methods impractical. There-
fore, there is a need to explore new sintering methods and investigate approaches to
reinforce ceramic composites. It is known that grain size directly affects the mechanical
properties of the resulting products. To avoid undesirable grain growth, spark plasma
sintering (SPS) technology was chosen as the method of consolidation. This method utilizes
pulsed direct current along with simultaneous application of pressure to the material. Its
primary technical advantages lie in the high speed of heating and cooling, enabling a re-
duction in processing time through the concurrent application of mechanical pressure and
electrical impulses. This innovative approach enhances process efficiency and improves
material processing quality. By synchronously applying pressure and electrical impulses,
a more uniform distribution of heat across the material being processed is achieved, min-
imizing potential deformations and surface damage. Additionally, this method boasts
high energy efficiency and cost-effectiveness as it reduces electricity and equipment ex-
penses. These features make it highly appealing for industrial applications where material
processing speed and quality are crucial. In recent years, the discovery of graphene has
generated considerable interest due to its small size, unique two-dimensional structure [28],
and excellent thermal [29], mechanical [30] and tribological properties [31]. Graphene
oxide (GO) is considered more advantageous than graphene for the formulation of ceramic
suspensions, owing to its capability for homogeneous dispersion within a liquid medium.
In the subsequent process of spark plasma sintering conducted under vacuum conditions,
graphene oxide undergoes reduction to form reduced graphene oxide (rGO). The thermal
reduction of GO in sintered samples has been extensively validated in previous research
using Raman spectroscopy [32–36]. Despite the fact that rGO has inferior properties com-
pared with pure graphene, its higher availability and lower price are great advantages for
industry. Due to the presence of oxygen-containing functional groups, rGO becomes more
hydrophilic than pure graphene, enhancing the densification process during sintering and
the rGO–matrix interface. Additionally, rGO is still characterized by high thermal and
electrical properties. The authors of the present research have previously published articles
in which the addition of graphene oxide to the ceramic matrix was shown to improve the
mechanical and tribological properties [37–39] of sintered samples [40,41]. The addition of
graphene oxide to the ceramic matrix also increases its electrical conductivity, enabling the
processing of workpieces using electrical discharge machining (EDM). This eliminates the
need for mechanical machining in the sample preparation process, which, as mentioned
earlier, is nearly impossible when working with this class of materials.

In the present work, WC–ZrO2 composites were chosen as the ceramic matrix due to
their potential mechanical and tribological applications. The aim of this study was to obtain
WC–ZrO2 composites with varying (0.25 vol.%, 0.5 vol.%, 1 vol.%) graphene oxide (GO)
content. Characteristics such as density, hardness, indentation fracture toughness, and
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flexural strength were investigated for the sintered samples, and the tribological properties
were tested under different loads in a ball-on-disk experiment. The investigation revealed
the dependencies of the mechanical and tribological properties on the sintering temperature
and GO content. Optimal sintering conditions and graphene oxide content were identified.

2. Materials and Methods
2.1. Graphene Oxide Preparation

The production of graphene oxide from graphite powder utilized a modified Hummers
method. Further elaboration on this process can be found in prior publications [42,43]. For
this study, commercially sourced graphite powder (Plasmotherm, Moscow, Russia) with a
median particle size d50 = 3 mm was employed.

2.2. Powder Processing and Sintering

Commercial t-ZrO2 (3Y-TZP, 3 mol% Y2O3; TZ-3YS-E, Tosoh Corp., Tokyo, Japan) and
WC (Plasmotherm, Moscow, Russia) with average sizes 0.20 µm and 1.5 µm, respectively,
were used in this work. The content of the powder mixture was 94 wt.% of WC and 6 wt.%
ZrO2. The required quantity of powders was placed into a plastic receptacle along with
ZrO2 balls (3 mm in diameter) and distilled water. The obtained mixture was wet mixed via
ball mill (ML-1, Kaluga, Russia) for 24 h at 150 rpm and subsequently dried in a vacuum
oven VO 400 (Memmert, Büchenbach, Germany) for 24 h. In order to achieve compositions
with the specified graphene oxide content, the material was incrementally added to the
suspensions and subsequently stirred for a duration of 1 h. Thereby, WC-ZrO2 powders
with GO content of 0.25 vol.%, 0.5 vol.%, and 1 vol.% were prepared and labeled as 0.25-G,
0.5-G, and 1-G, respectively. The powder blends were subjected to sintering using an H-HP
D 25 SD Spark Plasma Sintering machine (FCT Systeme GmbH, Rauenstein, Germany)
under vacuum across a temperature range of 1600–1900 ◦C in 100 ◦C increments, with a
heating rate of 100 ◦C/min and a pressure of 80 MPa. The holding time when the maximum
sintering temperature was reached was 3 min. The manufactured samples had a diameter
measuring 20 mm and were 3 mm in height. Thermal reduction of the GO occurred during
sintering. In this study, the resulting carbon material following consolidation is denoted
as reduced graphene oxide (rGO). WC-ZrO2 composites without the addition of GO (0-G)
were used as reference samples.

2.3. Microstructural Characterization

Scanning electron microscopy (SEM) characterization of the sintered samples was
carried out by VEGA 3 LMH (Tescan, Brno, Czech Republic). Prior to analysis, the samples
underwent polishing with diamond slurries featuring grit sizes spanning from 9 µm to
1 micrometer, using a Tegramin 30 (Struers, Ballerup, Denmark) polishing machine and
diamond suspensions. Following the polishing process, the samples underwent a 15 min
ultrasound bath in ethanol and were subsequently dried with compressed air.

2.4. X-Ray Diffraction (XRD) and Raman Characterization

XRD analysis (Empyrean diffractometer, PANalytical, Almelo, The Netherlands, Cu-
Kα radiation, wavelength 1.5405981 Å, accelerating voltage 60 kV, beam current 30 mA) of
the sintered samples was conducted in step scanning mode at 2-theta diffraction angles
ranging from 25 to 80 (step size 0.05). The Raman analysis was conducted using a Raman
analyzer DXRTM2 (Thermo Fisher Scientific, Waltham, MA, USA), employing a 532 nm
laser with a power output of 2.0 mW to examine the graphene-based mixtures and compos-
ites. This process involved the use of a 50× optical microscope objective to concentrate the
laser beam onto the designated area, resulting in a 2 µm spot, with an accumulation time of
approximately 10 s [44].
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2.5. Density and Mechanical Properties Characterization

The sintered sample density (ρ) was determined in distilled water by employing
Archimedes’ principle and was subsequently contrasted with the theoretical value com-
puted in accordance with the rule of mixtures. The theoretical densities of the powder
mixtures were calculated according to the rule of mixtures, using densities of 15.63 g/cm3

for WC and 6.05 g/cm3 for ZrO2, measured using an AccuPyc II 1340 helium pycnometer,
(Micrometrics, Norcross, GA, USA). The density of graphene was assumed to be 2.2 g/cm3.
Vickers hardness (Hv) was assessed on polished surfaces utilizing a Vickers diamond
indenter (QNess A10 Microhardness Tester, Salzburg, Austria) with a 1 kg load and an
indentation period of 10 s. To estimate the hardness values, the equation presented in
previous works was used [39]. The reported values represent the average values of the data
obtained from ten indentation tests. The Vickers indentation fracture toughness (K1C) was
determined using formulas proposed by Miranzo and Moya [28]. The flexural strength (σf)
was assessed using a biaxial bending test, where each sample was positioned on a device
with three 3 mm hardened steel balls arranged at 120◦ angles on a 10 mm diameter holder.
The load was applied with an AutoGraph AG-X universal testing machine (Shimadzu
Corp., Kyoto, Japan), utilizing a 1.6 mm diameter plain head at a speed of 1 mm/min−1

until failure occurred. The specimen’s thickness was measured at the point of fracture.
The strength value was determined by averaging the data obtained from testing 10 sin-
tered disks of each composition, following the strength calculation equation outlined in a
previous study [45].

2.6. Measurement of Electrical Resistance

Electrical conductivity was assessed by employing an RLC-78105G high-frequency
meter (Good Will Instrument Co., Ltd., New Taipei City, Taiwan) across the frequency
spectrum spanning from 20 Hz to 5 MHz. In order to ensure consistent electrical connection
between the samples and the device electrodes, silver-based conductive adhesive Rexant
Kontaktol-Avto (SDS-Group, Putilkovo, Russia) featuring a specific electrical resistance of
0.0 Ohm mm2 was utilized on the polished surfaces.

2.7. Wear Test Set-Up and Conditions

The tribological behavior of composites was investigated on a Ducom POD 4.0 tri-
bometer (Ducom Instruments, Bangalore, India) according to the requirements of ASTM
G99-23 [46], using the “ball-on-disk” scheme. The linear velocity and friction path were
0.1 m/s and 1 km, respectively. An alumina ball (Al2O3) with a diameter of 6 mm was
used as a counterbody. The applied load (FN) was 10 or 15 N. Before each wear test,
the specimens were washed with ethanol in an ultrasonic cleaner for 15 min and dried
with compressed air. The tests were performed under conditions. The wear rate (W) was
calculated using the following equation:

W =
∆V
FNS

(1)

where ∆V is the volume loss of the specimen after testing (mm3), FN is the applied load (N),
and S is the friction path (m). The volume loss of the specimens was measured using 3D
images of the wear path profile, which were obtained using a Talysurf CLI 500 profilometer
(Taylor Hobson, Leicester, UK). The average roughness (Ra) of the worn surface after the
wear test was analyzed at five different points.

3. Results and Discussion

Figure 1 shows the X-ray diffraction patterns of the powder mixture and sin-
tered compositions.
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Figure 1. X-ray radiographs of 1-G powder (a), 0-G (b), 0.25-G (c), 0.5-G (d) and 1-G (e) samples
sintered at 1700 ◦C. “t” denotes tetragonal zirconia.

Analysis indicated that zirconia and WC were the main phases in all the studied
samples, without the presence of any impurities. However, it was found that during the
SPS processing of samples with graphene oxide, a small amount of W2C was formed
(Figure 1c,e). Since only WC and ZrO2 were detected in the initial powder with the highest
GO content (Figure 1a), we assume that the formation of W2C occurred as a result of the
sintering reaction of compositions with graphene oxide. The peaks of reduced graphene
oxide were not visible, due to its low content. The presence of a monoclinic phase of
zirconia in the WC–ZrO2 powder was noted, along with its complete transformation
into a tetragonal phase in the sintered samples. This suggested the presence of a t→m
transformation toughening mechanism in the sintered samples.

The relative density of the composites was then calculated as the ratio of bulk density
to theoretical density. The density values (Figure 2) indicated that all the compositions were
almost able to achieve full theoretical compaction (98.5–99.7%) by spark plasma sintering
at all selected temperatures except the lowest. Therefore, the mechanical properties of the
materials sintered at the lowest temperature were not further studied.

Figure 3 shows the microstructures of studied samples with different graphene oxide
content sintered at 1700 ◦C. In the figure, white and dark phase represent ZrO2 and WC,
respectively. The presence of closed pores can also be noted. The SEM micrographs indicate
the homogeneous distribution of ZrO2 in the matrix.

Figure 4 presents SEM images with EDS mapping, including distribution of basic
(W and Zr) elements and spectra acquired from two points on the polished surface of the
0.5-G composite sintered at 1700 ◦C. Figure 4A shows the microstructure of the sintered
composite, consisting of a matrix, inclusions, and sections of chips incurred during sample
preparation. It can be seen that the basis of the material (matrix) was tungsten, inside of
which there were inclusions of Zr (Figure 4B). These inclusions were evenly distributed in
the microstructure of the matrix (Figure 4C,D).
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Figure 4. Representative SEM image of polished surface of 0.5-G composite sintered at 1700 ◦C (A),
SED-EDS elemental map (B), and elemental mapping of W (C) and Zr (D). EDS spectra obtained at
two points marked with figures on a polished surface.

The average contents of constituents in all samples were approximately as follows:
W—84.75 wt.%, Zr—5.64 wt.%, C—6.29 wt.%, and O—3.33 wt.%. The content calcula-
tion was performed automatically using Aztec 2.0 software (Oxford Instruments, High
Wycombe, UK), employing an EDS detector, based on counting the numbers of quanta
with specific energies emitted by the atoms of the elements. The reported values represent
the average concentrations of elements in the studied area, with a confidence interval of
σ ≤ 0.3% by mass. The investigation was conducted on a polished surface, with an acceler-
ating voltage of 20 kV to excite all characteristic lines of the elements. Due to the presence
of light elements (carbon) in the composition, the results were semi-quantitative, which
was sufficient for reliable comparison of samples against each other and for conclusions
to be drawn about concentration changes and ongoing processes. However, these results
may have been less reliable for determining absolute concentrations. In this context, the
significance of deviations was lower. Since all samples were prepared and studied under
identical conditions, the results were taken as reliable.
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Figure 5 illustrates Raman spectra for powder mixtures and SPS composite samples
prepared at 1700 ◦C with different rates of rGO loading.
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Figure 5. Raman spectra of powder mixtures (dot lines) and (solid lines) composites sintered at
1700 ◦C containing 0.25 vol.% (a,b), 0.5 vol.% (c,d), and 1 vol.% (e,f) GO, respectively. “D” and “G”
denote GO peaks.

The wide G peak and slight second-order area in the spectra of the powder mixtures
are features of sp1, sp2, and sp3 hybridized C-C bonds in graphene [47], and the D band
(~1350 cm−1) indicates structural flaws such as lattice deformation [48]. Raman spectra
for sintered composites show that GO was reduced in situ during spark plasma sintering.
This is substantiated by the decline in the intensity ratio between the D and G bands
(ID/IG). In the raw powder mixtures, the intensity ratios were measured to be 1.02, 0.97,
and 0.98 for 0.25, 0.5, and 1 vol.% GO, respectively. However, in the sintered composites,
the ID/IG values decreased to 0.38 and 0.50 for 0.5 and 1 vol.% rGO, respectively. This
decrease indicates a lower level of defects in the rGO present in the thermally treated
samples. Biaxial flexural strength, indentation fracture toughness, and Vickers hardness
of the samples as a function of rGO content and sintering temperature is presented in
Figure 2. All values represent averages of five measurements. Both the flexural strength
and fracture toughness initially increased and then decreased with the increase in rGO
content. As expected, the sample with 0.5 wt.% rGO showed the highest values for fracture
toughness (5.8 ± 0.4 MPa·m1/2) and flexural strength (872 ± 43 MPa) among all the studied
composites. Compared with WC–ZrO2 composites without addition of graphene oxide,
the percentage increases for strength and fracture toughness in the 0.5-G composite were
reported as 24.3% and 9%, respectively.

It has been stated in other sources [39,45,49–51] that small amounts (0.1–0.5 vol.%)
of graphene can improve the mechanical properties of the matrix, while it is difficult to
achieve good dispersion of high graphene content within the composite. The Vickers
hardness of composites containing graphene oxide was slightly affected by the presence of
rGO. The obtained hardness values were similar to that reported for the composite without
GO, with the exception of the 1-G sample. This was due to the aggregation of a higher
concentration of graphene in the composite matrix. Figure 6 shows the Vickers indentation
cracks induced on the surface of the 0.5-G sample sintered at 1700 ◦C. The presence of
rGO in the sintered composites created opportunities for deflection of cracks and bridging,
which in turn increased the toughness of the material. In the picture, the crack is deflected
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and does not pass directly through the grains of tungsten carbide or zirconia. This pattern
of crack propagation was typical of all the samples obtained during this study.
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under low (left) and high (right) magnification. The white arrows illustrate the presence of rGO in
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Figure 7 shows the dependence of the friction coefficient (COF) on the distance trav-
elled, for loads of 10 N (left) and 15 N (right). Under the low load (Figure 7, left), all
materials tested exhibited similar behavior. This can be explained by the fact that this load
was insufficient for the appearance and formation of a protective tribolayer on the worn
surfaces, which would have reduced the coefficient of friction and wear. At the same time,
under the higher load (Figure 7, right), the behavior of the materials was different. Samples
without rGO and with minimal rGO content showed higher values for their coefficient of
friction, especially in the first meters. The friction coefficient underwent a rapid rise during
the initial meters of sliding before subsequently declining. Following this early phase, the
variations in the friction coefficient curves diminished, with a slight increase observed for
the remainder of the testing period. This pattern was attributed to the polishing effect that
occurred during the wear test, which resulted in a smoother surface on the wear track by
eradicating surface asperities and roughness irregularities. On the other hand, composites
with higher content of graphic structures had smoother friction coefficient curves. This
may have been due to the presence of graphene plates adhering to the friction surface and
forming a self-lubricating layer that provided sufficient lubrication to reduce both the wear
rate and the coefficient of friction.

From the surface topographies of the 3D wear tracks, the volume losses were estimated
and wear rate was calculated using Equation (1). These results are summarized in Table 1.

It can be seen from Table 1 that the wear rate decreased with increasing content of
reduced graphene oxide. In addition, the wear rates of the graphene composites under a
load of 15 N were lower than under a load of 10 N. Probably, for the studied materials, the
applied load of 15 N served as an activating factor for graphene adaptation and formation
of an auto-lubricating layer of graphene in the composites, which provided sufficient
lubrication between the specimen and the alumina ball that acted as the counterpart
material. Figure 8 shows the wear tracks of all studied composites under load of 10 N. As
for the samples without additives (Figure 8A,B), it was observed that the track’s formation
was due to a greater extent to abrasive wear when a layer of matrix material was present
in the form of abrasive microscopic particles. In addition, the image includes a noticeable
stripe in the center of the track, which was formed due to simultaneous abrasive and fatigue
wear. As we know, more pressure is concentrated at the point of contact between the ball
and the plane, which leads to cyclic wear. The close-up of this part of the worn surface
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confirms the fact that abrasion and fatigue wear occurred at the center of the track. Among
the materials investigated, this material had the highest wear rate (Table 1) and coefficient
of friction (Figure 7, left).
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Table 1. Wear rate values under two loads, for all studied composites sintered at 1700 ◦C.

Material Load, [N] Wear Rate, W
[mm3/N·m]

0-G

10

14.5 ± 0.7 × 10−9

0.25-G 13 ± 0.7 × 10−9

0.5-G 12.3 ± 0.7 × 10−9

1-G 9.8 ± 0.7 × 10−9

0-G

15

17.8 ± 0.7 × 10−9

0.25-G 7.2 ± 0.7 × 10−9

0.5-G 4.8 ± 0.7 × 10−9

1-G 3.1 ± 0.7 × 10−9

Figure 8C,D shows the friction track of the 0.25-G specimen. Here, as in the case of
the previous sample, a central track was formed from simultaneous abrasive and fatigue
wear. Abrasive wear zones were noted on the sides of this track. Compared with the 0-G
material, a 10% reduction in the wear rate and 13.3% reduction in the coefficient of friction
were observed. Figure 8E,F shows the friction track of the 0.5-G specimen, with marks of
abrasive wear across the width of the track. Despite the abrasive wear mechanism, the
graphitic structure was able to adapt well to these conditions and its presence prevented
intense material loss. Doubling the volume amount of rGO content resulted in 15% and
5% reductions in wear rate compared with the 0-G and 0.25-G composites, respectively.
Figure 8G,H show the friction track of the 1-G sample, with shallow abrasion marks across
the width of the track. The enlarged image of the wear track area shows that localized
fatigue wear spots were present, but these were few. The presence of 1 vol.% reduced
graphene oxide content in the material resulted in decreases of 32%, 24%, and 20% in
wear rate compared with 0-G, 0.25-G, and 0.5-G, respectively. The worn surface of the
0-G composite under a 15 N load is presented in Figure 9A,B. It is evident that the track
formation was predominantly influenced by abrasive wear, where microscopic abrasive
particles were formed from the degradation of the matrix material. The tribosurface
analysis also indicated the presence of adhesive wear in addition to abrasive wear. The
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combined effect of these wear mechanisms led to a wear rate value and friction coefficient
of 17.8 × 10−9 mm3/N·m and 0.49, respectively, the highest among all the materials tested
under either load. It was noted that abrasion occurred up to 1500 m, characterized by
the penetration of abrasive particles leading to abrupt spikes in the friction coefficient.
Once the friction track aligned with the profile of the ball (irregularities having been
removed), the penetration of abrasive particles between the contacting surfaces became
difficult, which stabilized the coefficient of friction without sudden fluctuations. Analysis
of the worn surface on the 0.25-G sample under a load of 15 N (Figure 9C,D) indicated
wear caused by a combination of abrasive and adhesive factors, leading to a wear rate of
7.16 × 10−9 mm3/N·m, 59% less than the wear rate of 0-G at 15 N and 50% less than the
wear rate of the same material at 10 N. In addition, a decrease in the coefficient of friction
by 10.6% compared with the 0-G samples was also noted. This decrease in the wear rate
was directly related to the presence of reduced graphene oxide in the material. Probably, a
load of 15 N was enough to form a graphitic tribolayer in the contact zone between the ball
and the sample. Figure 9E,F shows the tribosurface of the 0.5-G sample at 15 N, with both
adhesive and abrasive wear marks and abrasion marks along the entire width of the trace.

An increase in the graphitic content to 0.5 vol.% led to a significant decrease in the
wear rate, by 72% compared with the 0-G material at 15 N, and a significant reduction in
the wear rate, by 65% compared with the same composition at 10 N. Figure 9G,H show
the friction trace of the 1-G sample at 15 N, with polished shallow abrasion marks along
the entire width of the track. Compared with the other samples, the enlarged image of the
wear track shows local marks of fatigue wear, but these are few. The highest content of rGO
in the material led to a decrease in the wear rate by 82% compared with 0-G at a load of
15 N, and by 78% compared with the wear rate of the same composition at a load of 10 N.

Figure 10 shows the worn surfaces of the alumina ball after tribological tests.
After testing the 0-G and 0.5-G composites under a load of 10 N (Figures 10A and 10B,

respectively), the wear ball surfaces for each were relatively smooth. Areas with longitudi-
nal grooves and adhered material from the composites were observed. Unlike the previous
surfaces, those exposed to the wear test under 15 N had a completely different appearances
from each other. The ball surface after the wear test with the 0.5-G composite (Figure 10D)
was smoother compared with the one tested with the 0-G composite (Figure 10C) under the
same conditions. All four surfaces showed longitudinal ploughing indicating abrasive wear
of the surface during testing. This occurred because WC particles are much harder than alu-
mina, which is why the abrasive mechanism arises. In addition, the presence of spalling on
the worn surfaces was observed, except for surface used for testing the 0.5-G composite at
15 N. However, larger and deeper spalls were found only in the 0-G composite tested under
a load of 15 N. These spalls were the result of subsurface fatigue, which caused fractures to
form on the ball surface. After the spalls formed, they were removed from the ball surface
due to the atomic bonding forces arising from the sample surface. Moreover, according to
Figure 10A, the higher the applied force during testing, the larger was the size of the spalls.
On the other hand, spalls were not present when the 0.5-G composite was tested at 15 N.
This can be explained by the formation of a self-lubricating graphene layer between the
ball and sample surfaces. It can be assumed that the effect of the self-lubricating graphene
layer became apparent when the applied force was of the required value. In this study,
it was noticeable that at 15 N, the graphene-based tribolayer was sufficiently compacted,
thus providing enough lubrication for protection of the surfaces. However, when a force
of 10 N was applied, the self-lubricating graphene layer was not compacted enough and
attached to the surface of the ball; thus, its effective operation was not manifest. In this
regard, the formation of several spalls can be observed in Figure 10B. Thus, based on the
above observations, it can be said that the wear of the ball surfaces occurred due to the
combined effects of abrasive, adhesive, and fatigue wear, except for the 0.5-G composite at
15 N, where abrasive wear was the primary active mechanism.
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Figure 9. SEM micrographs of the worn surfaces of 0-G (A,B), 0.25-G (C,D), 0.5-G (E,F) and 1-G (G,H)
composites sintered at 1700 ◦C, under a load of 15 N.
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Figure 10. The worn surfaces of an alumina ball sliding against 0-G (A,C) and 0.5-G (B,D) composites
sintered at 1700 ◦C, under a load of 10 N (A,B) and 15 N (C,D).

Figure 11 shows the dependence of the electrical resistivity of composites sintered at
1700 ◦C on the concentration of rGO. The composition without rGO exhibited extremely
high resistivity. However, even with an rGO content of 0.5 vol.%, there was a significant
decrease in resistivity (below 300 Ω·cm−1) [39,45], indicating the suitability of these samples
for electrical discharge machining. This confirms that the simple introduction of 0.5% rGO
was sufficient to create conductive pathways within the non-conductive matrix. As the
rGO content increased further, the electrical resistance of the samples decreased.

The increase in rGO content led to more inter-sheet bonds, thereby enhancing con-
ductivity along the a–b planes; during spark plasma sintering, the a–b planes are oriented
perpendicular to the applied pressure. Utilizing carbon nanotubes to produce composites
has a significant drawback: their tendency to form agglomerates, hindering point-to-point
contact. This heterogeneity contributes to a decline in the electrical conductivity of such
composites. Conversely, the presence of rGO facilitates the formation of “area-to-area”
contact among lamellated graphene particles. As a result, closely adjacent and intercon-
nected carbon networks with high conductivity are formed, leading to reduced electrical
resistivity. Furthermore, the thermal reduction of GO eliminates oxygen-containing groups
and increases the material’s specific surface area, resulting in greater electron mobility and
the formation of conductive pathways, thereby improving electrical conductivity.
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4. Conclusions

WC–ZrO2 composites containing 0.25, 0.5, and 1 vol.% GO were fabricated using wet
mixing and the SPS technique at four (1600, 1700, 1800, and 1900 ◦C) sintering temperatures.
The lowest temperature did not enable the materials to achieve high theoretical density
values. Thermal reduction of graphene oxide during sintering was confirmed by Raman
spectroscopy. The effects of sintering temperature on density, hardness, flexural strength,
and indentation fracture toughness were studied. It was found that the addition of 0.5 vol.%
graphene oxide to the matrix was associated with an increase in the mechanical properties
of the obtained materials, such as indentation fracture toughness (5.8 ± 0.4 MPa·m1/2)
and flexural strength (872 ± 43 MPa), which increased by 9% and 24.3% compared with
the sample without rGO. This mechanical upgrade occurred mainly due to the crack
deflection and bridging reinforcement mechanisms in the composites with added graphene
oxide. However, no significant improvement in the Vickers hardness of WC-ZrO2-rGO
composites was observed. On the contrary, the hardness values of composites without rGO
were slightly higher than those of materials with rGO; as a softer phase, it contributed to a
decrease in hardness [52].

The addition of GO to the matrix significantly increased the wear resistance of the
composites. The reason for this behavior may have been the presence of a self-lubricating
graphene layer that provided sufficient lubrication between the sample and the aluminum
oxide ball. However, it should be noted that at a load of 15 N, the lubricating effect was
more noticeable than at a load of 10 N. Additionally, results suggest that the presence
of graphene in sintered composites makes them suitable for processing using electrical
discharge machining technologies, to make production process more economical and faster.
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Appendix A

Table A1. The values of the physico–mechanical properties of all studied compositions sintered at
different temperatures.

Sintering Temperature, ◦C 0-G 0.25-G 0.5-G 1-G

Density, %th.

1600 95.0 ± 0.5 93.1 ± 0.5 94.0 ± 0.5 92.3 ± 1.5

1700 98.5 ± 0.5 99.2 ± 0.5 99.7 ± 0.5 99.1 ± 0.5

1800 98.3 ± 0.5 99.1 ± 0.5 99.7 ± 0.5 99.0 ± 0.5

1900 98.5 ± 0.5 99.2 ± 0.5 99.7 ± 0.5 99.1 ± 0.5

Hardness, HV, GPa

1600 - - - -

1700 17.8 ± 0.2 17.1 ± 0.3 17.6 ± 0.1 16.5 ± 0.2

1800 17.9 ± 0.1 17.4 ± 0.2 17.8 ± 0.3 16.8 ± 0.3

1900 18.1 ± 0.3 17.5 ± 0.1 17.9 ± 0.1 16.9 ± 0.2

Flexural strength, σf, MPa

1600 - - - -

1700 711.0 ± 30 756.0 ± 30 872.0 ± 30 813.0 ± 30

1800 718.0 ± 27 751.0 ± 27 835.0 ± 27 787.0 ± 27

1900 730.0 ± 21 748.0 ± 21 817.0 ± 21 779.0 ± 21

Fracture toughness, K1C, MPa·m1/2

1600 - - - -

1700 5.42 ± 0.3 5.58 ± 0.3 5.8 ± 0.3 5.63 ± 0.3

1800 5.43 ± 0.1 5.53 ± 0.1 5.74 ± 0.1 5.6 ± 0.1

1900 5.39 ± 0.2 5.5 ± 0.2 5.68 ± 0.2 5.52 ± 0.2
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