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Abstract: TiC bonded diamond composites were prepared from a mixture of Ti, graphite, and di-
amond powders as raw materials, with Si as sintering additives, through high-temperature and
high-pressure (HTHP) technology. The reaction between Ti and graphite under 4.5–5 GPa pressure
and 1.7–2.3 kW output power can produce TiC as the main phase. The diamond particles are sur-
rounded by TiC, and the interface is firmly bonded. The coefficient of friction (COF) of TiC–diamond
composites with POM and PP balls decreases with increasing load for a specific friction velocity.
However, the COF of TiC–diamond composites with agate, Cu and Al balls increases with the rising
load because of the enhanced adhesive wear effect. The COF of PP, Cu and Al balls slightly increases
with the increase in friction velocity at a certain load. SEM results show that the surface of agate
balls has rough, pear-shaped grooves and shallow scratches. The scratches on the surface of POM
balls are wrinkled. The PP balls have pear-shaped groove scratches on their wear surfaces. The wear
mechanism of TiC–diamond composites with Cu ball pairs is primarily adhesive wear. The abrasion
of TiC–diamond composites with Cu ball pairs remains almost unchanged as the load increases.
However, the depth and width of the pear-shaped grooves on the wear surface of TiC–diamond
composites are significantly increased. This phenomenon may be attributed to the high rotational
speed, which helps to remove the residual abrasive debris from the friction grooves. As a result,
there is a decrease in both the depth and width of the pear-shaped grooves, leading to a smoother
overall surface. The wear mechanism of TiC–diamond composites with Al ball pairs is abrasive wear,
which increases with an increasing load. When the load is constant, as the speed increases, the wear
morphology of TiC–diamond composites with Al ball pairs transitions from rough to smooth and
then back to rough again. This phenomenon may be attributed to the wear mechanism at low speeds
being groove wear and adhesive wear. As the speed increases, the wear particles are more easily
removed from the wear track, leading to a reduction in abrasiveness. As the speed increases, the wear
surface becomes roughened by a combination of grooves and dispersed wear debris. This can be
attributed to the increased dynamic interaction between surfaces caused by higher speed, resulting in
a combination of abrasive and adhesive wear. In addition, Cu and Al ball wear debris appeared as
irregular particles that permeated and adhered to the surface of the TiC phase among the diamond
particles. The results suggest that TiC–diamond composites are a very promising friction material.

Keywords: diamond composites; TiC; HPHT; tribological properties

1. Introduction

Diamond composites with high thermal conductivity, high hardness, high modulus,
and additional excellent characteristics are widely employed in aerospace, new energy-
saving automobiles, abrasives, nuclear fusion, and other fields [1]. Diamond composites
are made by sintering a mixture of diamond and bonding materials under HTHP [2,3].
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Compared to hot press sintering (35 MPa) and discharge plasma sintering (50–80 MPa)
techniques, the high temperature and high-pressure technique not only ensures diamond
stability but also refines the grains. This is beneficial to the hardness and densification
of diamond composites. Moreover, the structural densities of hot-pressure sintering, and
discharge plasma sintering are somewhat different compared with high-temperature and
high-pressure sintering. The difference in structure influences the hardness and wear
resistance of the composites.

The type and content of the binder, as well as the bonding between the diamond and
the binder, are important factors affecting the performance. Diamond composites require
bonding materials with high hardness, close to that of diamond, high-temperature thermal
stability, sinterability, a slightly higher coefficient of expansion than diamond, and the
ability to form a metallurgical bond with diamond abrasive grains [4].

The Ti-Si series of bonding agents involves the sintering of Ti and Si with diamond mi-
cropowders at high temperature and pressure, during which covalent bonding compounds
TiC and SiC are formed to connect the diamonds [5]. Difficulty in sintering between the
bonding agent and the diamond, along with high sintering temperatures, make diamond
composites less tough and more prone to brittle fracture [6]. HTHP sintering technology has
the advantages of high reaction temperature, fast sintering speed, and an extremely short
reaction time [7]. In our previous studies, high-purity Ti3SiC2 powder was synthesized
through pressure-less synthesis and then mixed with diamond or cBN powder to sinter
the bulks by HTHP [8–10]. Titanium–aluminum–carbon bonded cBN composites can be
in situ synthesized by high-temperature and high-pressure sintering of Ti, Al, and C [11].
Cubic boron nitride (cBN)–diamond composites with Ti3SiC2 additive have been prepared
by the HTHP process [12,13]. PcBN has been produced using Ti3AlC2-Al as the binder by
the HTHP method [14].

Compared with ternary carbide Ti3SiC2 or Ti3AlC2, the binary carbide TiC exhibits
excellent physicochemical properties, excellent thermal stability, and good wear resis-
tance [15]. However, the high melting point and difficult sintering of TiC, as a strong
covalent bonding compound, limit its application as a bonding material for diamond
composites [16]. So far, there have been very few studies on TiC–diamond composites. In
addition, the preparation of TiC bonded diamond composites by HTHP sintering has not
been reported.

Thus, we have attempted to in situ manufacture TiC–diamond composites by HPHT,
employing elemental powders to create a unique super-hard material. The COF and wear
rates of the as-prepared composites with agate, Al, Cu, polyoxymethylene (POM), and
polypropylene (PP) balls are discussed. We also discuss the wear mechanisms of different
friction partners based on the wear morphology of TiC–diamond composite bulks and test
balls. Several mechanical properties were also measured.

2. Materials and Methods

Starting powders of Ti (325 mesh, 99.3 wt. % pure, Aladdin Reagent (Shanghai)
Co., Ltd., Shanghai, China), graphite (200 mesh, 99.8 wt.% pure, Henan Huaxiang Toner
Technology Co., Ltd., Zhengzhou, China), and Si (325 mesh, >99.7 wt.%, Tianjin Weichen
Chemical Reagent Science and Trade Co., Ltd., Tianjin, China), were employed in this
research. The mixtures were combined with diamond particles (~50 µm, Xingyangshi new
source chemical Co., Xingyangshi, China) in a volume ratio of 1:1. TiC–diamond samples
were manufactured with an output power of 1.7–2.3 kW and a pressure of 4.5–5 GPa.

The synthesized composites were examined by XRD and SEM and the test parameters
were similar to those in Refs. [17,18]. The crystal structure of the samples was analyzed
by a smart X-ray diffractometer (SmartLab series, Rigaku, Japan, radiation source CuKα,
voltage 40 kV, current 30 mA) with a scanning range of 10◦~80◦. The morphology of the
products was observed using a field emission electron microscope (SEM, JSM6700F, Nippon
Electron Co., Ltd., Tokyo, Japan); and the elemental compositions of the products were
analyzed using an energy spectrometer (Oxford Explorer 30, Oxford Instruments, Oxford,
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UK). The binding energy of chemical elements on the filler surface was determined by X-ray
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha+, ThermoFisher, Waltham,
MA, USA) using an Al Ka laser (λ = 0.83 nm, hν = 1486.6 eV). Friction performance test
parameters and abrasion characterization were similar to those in Refs. [17,18].

3. Results
3.1. Composition of TiC–Diamond Composites

Figure 1 shows selected XRD patterns of the TiC–diamond compacts sintered under
high pressure-temperature conditions. As illustrated in Figure 1, peaks of diamond and TiC
are noticeable. It was proven that TiC was generated under 3.5~4.5 GPa and TiC–diamond
bulks formed in situ by HPHT. The content of TiC increases following higher sintering
temperatures. The newly formed TiC crystals have a strong bond with diamond. The
addition of silicon does not promote the formation of Ti3SiC2; it is hypothesized that
silicon forms a liquid phase that volatilizes at high temperatures. This is in agreement with
literature reports on the destabilized decomposition of Ti3SiC2 under high pressure [19]
and the synthesis of Ti3SiC2 with a non-stoichiometric ratio under 2 GPa [20]. The synthesis
of SiC/TiC/diamond composites from Ti, Si and diamond powders by discharge plasma
sintering has been previously reported in the literature [21]. The formation of SiC is related
to the graphitization of the diamond surface during the sintering process [21]. High-
temperature and high-pressure sintering avoids diamond graphitization, and graphite
reacts preferentially with Ti, with no characteristic SiC peaks observed.
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Figure 1. XRD patterns of TiC–diamond under 4.5–5 GPa.

3.2. SEM/EDS and XPS Analysis of TiC–Diamond Composites

Figure 2 shows the SEM morphology and EDS analysis of the diamond composites
prepared under a sintering pressure of 4.5–5 GPa and a set output power of 1.7–2.3 kW. In
the figure, the black particles represent the diamond phase, the white particles represent the
amorphous phase of the binder aid Si, and the gray particles represent the TiC phase. The
TiC phase was synthesized at a pressure of 4.5 GPa and an output power of 1.7 kW but the
sintered sample was insufficiently microcracked (Figure 2a). The microcracks disappeared
at an output power of 1.8 kW (Figure 2b). At an output power of 2.1 kW, the diamond
particles were inlaid in the TiC phase and it was assumed that the diamond particles and
TiC were combined by chemical bonding (Figure 2c). The microstructure of the composites
becomes denser with increasing sintering pressure and temperature (Figure 2d,e). EDS
analysis indicates that the Si element is present in the bonded phase.
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The full XPS spectrum of the sample is shown in Figure 3a and four characteristic
peaks are observed at 100, 284.88, 455.5, and 531.8 eV, belonging to Si 2p, C1s, Ti 2p, and O
1s, respectively. The C1s spectrum shows a peak at 284.88 eV that is attributed to the sp3
C-C bonding in the diamonds [22,23], suggesting the presence of diamond phases in the
composites. In Figure 3b, the XPS spectrum of Ti 2p can be categorized into two peaks at
455.08 and 461.68 eV that correspond to the Ti-C bonding of Ti 2p3/2 and the Ti-C bonding
of Ti 2p1/2, respectively [24–26]. The XPS spectrum of Si 2p in Figure 3c is affected by the
preparation process. At 1.7 kW output power, there is only a characteristic peak of the
Ti–Si bond [27,28], which corresponds to the characteristic peak of Si in Ti3SiC2 at 99.5 eV,
indicating the existence of a small amount of Ti3SiC2. With the increase in output power to
1.8 kW, the characteristic peak of Si 2p becomes two and the characteristic peak at 102.3 eV
corresponds to that of Si4+ 2p2/3 in SiO2 [29,30], which indicates the detachment of the
atomic layer from Ti3SiC2 and the oxidation of the Ti 2p1/2 Ti-C bond. It is assumed that
the atomic layer of Si in Ti3SiC2 escapes and oxidizes to form SiO2 at the same time. The
characteristic peak at 285 eV in Figure 3d corresponds to the characteristic peak of diamond
and there is a characteristic peak of Ti-C [31].
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3.3. Friction Properties of TiC–Diamond Composites
3.3.1. Agate

Figure 4a shows the COF of TiC–diamond composites with an agate pair under
different loads. The COF is small and the average value is about 0.11 at low load (5 N). As
the load increases, the COF initially rises and then reduces. The average COF increases
to 0.236, 0.295, and 0.285 at loads of 8 N, 10 N, and 12 N, respectively. This increase is
attributed to the diamond superhard particles and the agate dyads, which are high-hardness
materials. The abrasive wear effect remains almost unchanged during the friction process.
The increase in the COF is mainly due to the enhancement of the adhesive wear effect
(Figure 4b), indicating that the load mainly affects the adhesive wear in TiC–diamond and
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agate pairings. The COF of TiC–diamond composites with agate is significantly smaller
than that of TiC-Ti3AlC2 or TiC-Ti2AlC (0.8~1, under 12 N at 300 rpm/min) [17].
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Figure 4c shows the variation of COF with rotational speed of TiC bonded diamond
composite material at 9.8 N against agate ball. As the rotational speed increases, the COF
shows a fluctuating pattern of firstly decreasing and then increasing and then decreasing.
The COF reaches its minimum value at 400 rpm/min, which is 23.45% lower than that at
300 rpm/min. Then the COF increases and stabilizes at 500 rpm/min, and the fluctuation
of the COF with the change of test time is not big. The reason for the variation of COF
is the fluctuation of adhesive wear with the increase in rotational speed (Figure 4d). The
COF of Ti2AlC–TiC and Ti3AlC2–TiC composites and the agate ball counterpart varies with
sintering pressure and the average COF fluctuates between 0.5 and 1.2 [17].

Figure 5 shows an SEM image of the wear track of TiC–diamond composites with an
agate ball under 8 N at 400 rpm/min. The black diamond particles were encapsulated by the
bonding phase, and no pits formed by diamond spalling were observed. The TiC bonding
phase was synthesized by an in situ chemical reaction of Ti elemental powder under high
pressure to improve the wettability of the diamond surface. The gray color represents the
bonding phase of TiC. The white agate ball abrasive chips adhered to the surface of the
wear marks, indicating that severe adhesive wear occurred on the contact surfaces. There
are no obvious groove scratches on the surface of the abrasion marks, indicating that the
high temperature formed during the friction process between TiC–diamond composites
and agate exhibits certain anti-wear and friction reduction properties.
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Figure 6a–d shows SEM images of the wear track of agate balls tested at 400 rpm/min
under 5–12 N. Combined with SEM at low magnification, the wear surfaces of the agate
balls consist of shallow furrows, and a small amount of flaking abrasive debris is gradually
generated with an increase in load.

Figure 6e–h displays SEM images of the wear track of an agate ball under a load of
9.8 N at 300–600 rpm/min. The microscopic morphology of the samples with the change
of rotational speed is basically the same, and parallel to the sliding direction of the pear
groove and flaking pits. The surface abrasion is more serious and black abrasive particles
with smaller sizes are retained in the flaking pits (Figure 6e). These granular abrasive
particles play the role of abrasive in the friction process, exacerbating the wear of the
friction sub-surface.
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400 rpm/min; under 9.8 N at 300 rpm/min (e); 400 rpm/min (f); 500 rpm/min (g); 600 rpm/min (h).

3.3.2. POM

Figure 7a shows the curves of COF of TiC–diamond composites and POM pairs over
time under different loads. Observing the time–COF curves, the friction experiments can
be divided into three phases: the first phase, roughly from 0 to 5 min, is the break-in phase,
during which the curves oscillate violently. In the second stage, from 5 min to 22 min, the
curve tends to stabilize and begin to show a gradual decline, which may be due to the
increasing abrasion marks during the friction process increasing the contact area so that the
COF can gradually reduce. During the third stage, which lasts from 22 min until the end of
the experiment, the COF is maintained near the low value and some experimental groups
are accompanied by large fluctuations in which the lubricant film realizes the dynamic
balance between fragmentation and generation, and the speed of abrasion mark increase
slows down. When the test load is 8 N, the COF is lower at the beginning of the first stage
it can fall to its lowest value of the COF faster in the second stage, the stability is better in
the third stage, and there is no large fluctuation phenomenon.
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Overall, the COF is largest at 5 N, with an average COF of about 0.586. The COF
of the experimental group with increased load shows an overall decrease: the decreases
are 10.35%, 4.89%, and 30.18% for 8 N, 10 N, and 12 N, respectively. The mass losses
showed a decrease and then an increase with increased load; the least mass losses were
observed at 8 N (Figure 7b). The wear of TiC–diamond and POM is mainly adhesive wear
accompanied by pear groove wear. As the load increases, the adhesive wear decreases
gradually, especially at a load of 12 N, and the decrease of adhesive wear is significant. The
effect of load was similar for the COF between agate and steel [32]. The reduction of the
COF for POM/Al2O3 nanocomposites is advantageous when the load is increased [33].

As shown in Figure 7c, the COF first falls and subsequently increases as the rotational
speed rises. The magnitude of change of the COF is relatively small for 300 rpm/min and
500 rpm/min rotational speeds, and the COF decreases and has a larger magnitude for the
400 rpm/min rotational speed. This is comparable to the POM/steel COF fluctuation rule
with rotational speed [32]. The COF of POM parallel line gear pairs varies between 0.35 and
0.45 [34]. Combined with the relatively small change in abrasive wear with increasing
rotational speed shown in Figure 7d, the role of adhesive wear is significantly reduced
at 400 rpm/min. The TiC–diamond specimen has the largest mass loss at 400 rpm/min.
The COF of Ti2AlC–TiC and Ti3AlC2–TiC composites and POM pairs fluctuates between
0.17 and 0.37 [17], which is lower than that of TiC–diamond composites. The average COF
of Ti3Si0.8Al0.2C2–diamond composites and POM pairs is between 0.42 and 0.65, which is
similar to that of TiC–diamond composites [18].

Figure 8a shows SEM images of the wear track of TiC–diamond composites with a
POM pair. The abrasive debris from POM balls mainly adheres to the TiC surface and these
abrasive particles are bonded to each other in the form of flakes. Figure 8b–e shows the
SEM images of the wear marks on the end face of the POM ball under different loads. There
are many fish scale-like micro bumps on the surface of the POM ball, which is a typical
manifestation of adhesive wear. Abrasive debris is an important information carrier and
evidence of the wear mechanism in the friction wear process. The abrasive chip patterns
generated after wear are marked with circles. Abrasive chip morphology on the main
body was flaky; it is generally believed that flaky abrasive chips are caused by the pressure
between the grinding surface of the abrasive chip, which was crushed and ironed out, and
the product of the abrasive wear mechanism is mainly for the adhesive wear, which is
consistent with the large area of the surface of the specimen from the phenomenon of the
transfer of the material adhesion to the conclusions drawn.

Figure 8b–d shows the morphology of the abrasion marks under the conditions of
5 N–10 N; the pear grooves in the abrasion marks under these conditions are obviously
deepened, and the amount of abrasive chips in the pear grooves is obviously increased.
Changes in the pear groove are easier to observe in optical abrasion photographs. Optical
photographs of POM ball abrasion marks were shown in Figure S1. The abrasive chips
adhering to the edge of the pear groove are in the form of strips, which is a more obvious
characteristic of cutting wear abrasive chips. The cutting wear particles are formed by hard
and sharp micro-convex bodies (hard phase diamond particles) plowing on the softer and
lower hardness POM wear surface. Here, it is demonstrated from the point of view of wear
mark morphology and chip morphology that more severe plowing and even cutting wear
effects do occur under different loading parameters. Figure 8e shows the chip morphology
under the optimal wear reduction load condition (12 N), demonstrating that the chip
particle size is reduced compared to other load conditions, the chip morphology tends to
be irregular lumps, and there are very few large particle sized flakes. This suggests that
an appropriate increase in load effectively reduces the large-area adhesive transfer of the
material during the abrasion process.

Figure 8f–h shows SEM photographs of the surface morphology of the abraded area
of the POM balls at different rotational speeds. The morphology of the wear marks at
300 rpm/min and 500 rpm/min is similar to the results shown in Figure 8b–e, while the
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pear groove in the morphology of the wear marks at 400 rpm/min is obviously deepened,
which indicates that the abrasive wear effect is enhanced.
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3.3.3. PP

Figure 9 shows the COF and mass loss of the TiC–diamond and PP paired pair. The
COF decreases gradually with increasing load. At a low load (5 N), there is a large fluctu-
ation in the COF. The tribological characteristics of polypropylene (PP) are significantly
influenced by its surface temperature because thermal softening can lead to an increase
in wear severity [35]. When the load is increased to 8 N–12 N, the change of COF is small,
and it stabilizes quickly. The tribological properties of PP-based composites filled with
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nanodiamond soot particles gradually increase with increasing loads [36]. In contrast to
the COF of TiC–diamond composites (0.5–0.7), the COF of Ti2AlC–TiC and Ti3AlC2–TiC
composites and PP pairings varies between 0.38 and 0.44 [17]. In comparison to the COF of
TiC–diamond composites, the average COF of Ti3Si0.8Al0.2C2–diamond and PP pairings is
less, ranging from 0.5 to 0.65 under 9.8 N [18].
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Abrasive wear accounts for the main component in the wear mechanism of TiC–diamond
and PP pairs, and abrasive wear is less affected by the change of load. Load change mainly
affects the adhesive wear. Adhesive wear decreases monotonically with increasing load.
The mass loss of test blocks and PP balls increases with the increasing load (Figure 9b).

The effect of rotational speed on the friction characteristics of a TiC–diamond and PP
paired pair is shown in Figure 9c. As the rotational speed increases from 300 rpm/min to
600 rpm/min, the average COF increases from 0.5 to 0.67. This is comparable to the COF of
PP composites that have been altered with carbon nanotubes [37]. At low rotational speed
(300 rpm/min), the wear mechanism is dominated by abrasive wear, accompanied by a
small amount of adhesive wear. As the rotational speed increases to 400 rpm/min, the role
of abrasive wear in the wear loss mechanism decreases, while the contribution of adhesive
wear increases. The mass loss of the test block reaches a minimum value of about 0.001 g at
500 rpm/min. The mass loss of the PP balls shows a tendency of increasing initially, then
decreasing, and increasing again with the increase of rotational speed.

Figure 10 shows SEM images of the wear track of TiC–diamond composites with a PP
pair. Similar to the POM wear process, the abrasive chips from the PP balls adhere to the
surface of the TiC–diamond composite.

Figure 11 shows SEM images of the abrasion marks on the end face of the PP ball
under different loads. There are abrasion marks present on the surface of the specimen after
friction and a lot of flaky material. The abrasion marks are caused by the rough surface
of the friction sub-surface, and the flaky material is the abrasion debris that is not rubbed
down after the specimen is connected to the original specimen through friction. Deep
abrasion marks and some furrows exist on the surface of the specimen after friction, as
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shown in Figure 11a–c, accompanied by rolls of flaky debris. The rolled debris will be
dislodged in subsequent repeated friction, resulting in an increase in the amount of wear
on the specimen. Figure 11d shows that, in the wear surface, furrows have become shallow,
there is obviously much less rolled flaky debris and flaky debris, and the wear surface
is smoother.

Coatings 2024, 14, x FOR PEER REVIEW 12 of 20 
 

 

 

Figure 10. SEM image of wear track of the synthetics; X200 (a), local zoom in X2000 (b). 

Figure 11 shows SEM images of the abrasion marks on the end face of the PP ball 
under different loads. There are abrasion marks present on the surface of the specimen 
after friction and a lot of flaky material. The abrasion marks are caused by the rough sur-
face of the friction sub-surface, and the flaky material is the abrasion debris that is not 
rubbed down after the specimen is connected to the original specimen through friction. 
Deep abrasion marks and some furrows exist on the surface of the specimen after friction, 
as shown in Figure 11a–c, accompanied by rolls of flaky debris. The rolled debris will be 
dislodged in subsequent repeated friction, resulting in an increase in the amount of wear 
on the specimen. Figure 11d shows that, in the wear surface, furrows have become shal-
low, there is obviously much less rolled flaky debris and flaky debris, and the wear surface 
is smoother. 

 

 

Figure 11. SEM image of wear track of PP ball under 5 N (a); 8 N (b); 10 N (c); 12 N (d). 

The abraded surface of the specimen is characterized by significant adhesive detach-
ment caused by plastic deformation, which is characterized by adhesive wear (Figure 12a). 
In the case of the composite material samples, not only was there significant ploughing of 
the wear surface, but there was also significant adhesive detachment. This characteristic 
increases with increasing speed (Figure 12b,c). The wear surfaces of the composite mate-
rial samples showed only slight ploughing and a small amount of adhesive loss, with the 
wear patterns being mainly grit and adhesive wear. Grit wear and adhesive loss also in-
creased with increasing speed (Figure 12d). 

Figure 10. SEM image of wear track of the synthetics; X200 (a), local zoom in X2000 (b).

Coatings 2024, 14, x FOR PEER REVIEW 12 of 20 
 

 

 

Figure 10. SEM image of wear track of the synthetics; X200 (a), local zoom in X2000 (b). 

Figure 11 shows SEM images of the abrasion marks on the end face of the PP ball 
under different loads. There are abrasion marks present on the surface of the specimen 
after friction and a lot of flaky material. The abrasion marks are caused by the rough sur-
face of the friction sub-surface, and the flaky material is the abrasion debris that is not 
rubbed down after the specimen is connected to the original specimen through friction. 
Deep abrasion marks and some furrows exist on the surface of the specimen after friction, 
as shown in Figure 11a–c, accompanied by rolls of flaky debris. The rolled debris will be 
dislodged in subsequent repeated friction, resulting in an increase in the amount of wear 
on the specimen. Figure 11d shows that, in the wear surface, furrows have become shal-
low, there is obviously much less rolled flaky debris and flaky debris, and the wear surface 
is smoother. 

 

 

Figure 11. SEM image of wear track of PP ball under 5 N (a); 8 N (b); 10 N (c); 12 N (d). 

The abraded surface of the specimen is characterized by significant adhesive detach-
ment caused by plastic deformation, which is characterized by adhesive wear (Figure 12a). 
In the case of the composite material samples, not only was there significant ploughing of 
the wear surface, but there was also significant adhesive detachment. This characteristic 
increases with increasing speed (Figure 12b,c). The wear surfaces of the composite mate-
rial samples showed only slight ploughing and a small amount of adhesive loss, with the 
wear patterns being mainly grit and adhesive wear. Grit wear and adhesive loss also in-
creased with increasing speed (Figure 12d). 

Figure 11. SEM image of wear track of PP ball under 5 N (a); 8 N (b); 10 N (c); 12 N (d).

The abraded surface of the specimen is characterized by significant adhesive detach-
ment caused by plastic deformation, which is characterized by adhesive wear (Figure 12a).
In the case of the composite material samples, not only was there significant ploughing of
the wear surface, but there was also significant adhesive detachment. This characteristic
increases with increasing speed (Figure 12b,c). The wear surfaces of the composite material
samples showed only slight ploughing and a small amount of adhesive loss, with the wear
patterns being mainly grit and adhesive wear. Grit wear and adhesive loss also increased
with increasing speed (Figure 12d).

3.3.4. Cu

Figure 13a shows the COF of TiC–diamond composites with a Cu pair. The COF of TiC
composites with Cu pairing at 400 rpm/min under 5 N is 0.45–0.55. The average COF of
diamond/Cu composites is about 0.55 under a load of 6 N [2]. The COF increases to 0.7 with
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the increase of load up to 8 N. This is mainly because the adhesive wear with the increase
of load increases substantially. As the load continues to increase, the COF decreases during
the run-in period and the stability gradually increases. The COF first drops before rising,
which shows that the composite material has a certain load carrying capacity. The COF
of TiC–diamond composites is less than that of Ti2AlC–TiC and Ti3AlC2–TiC composites
and Cu pairings, ranging between 0.38 and 0.77 [17]. Under 9.8 N, the average COF of
Ti3Si0.8Al0.2C2–diamond composites and Cu pairings ranges from 0.4 to 0.55, which is
comparable to that of TiC–diamond composites [18].
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The effect of load variation on the mass loss of the composites was relatively small
with increasing load, but the mass loss of Cu balls increased significantly (Figure 13b). The
adhesive wear portion of the abrasion fluctuates with increasing load. The role of abrasive
wear increases slowly with increasing load. The effect of load on the COF is a result of the
mutual coupling of adhesive wear and abrasive wear.

The abrasion loss of the composites varied between 0.1 and 2.8 mg (Figure 13d). The
abrasion loss of the synthetics decreased with an increase in rotational speed and was
maximal at 300 rpm/min, which was mostly connected to abrasive wear. The abrasion loss
of the Cu balls ranged between 1.8 and 6 mg. The mass loss increased with an increase in
rotational speed. The composites showed better wear resistance at higher speeds.

Figure 14 shows an SEM image of the wear track of TiC–diamond composites with a
Cu pair. There were no obvious scratches on the surface of the TiC–diamond composites,
and no diamond detachment was observed. The Cu ball abrasive chips appeared in the
form of irregular particles, which filled and bonded to the surface of the TiC phase between
the diamond particles. The EDS analysis shows that oxidation of the Cu chips occurs due
to the friction temperature during the friction process.
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At a lower load (5 N), the wear is less severe. The wear surface has relatively shallow
grooves and some debris accumulation (Figure 15a). The inset shows minor surface damage
and some material transfer or plowing. The depth and width of the wear grooves on the
pear surface increased significantly with increasing load, indicating more pronounced wear
of the Cu balls (Figure 15b). There was also more visible debris. The inset shows a rougher
surface texture, indicating more intense wear. The response of the material to the applied
stress is nonlinear, with higher loads resulting in greater wear. The Cu balls were severely
worn when the load reached 12 N (Figure 15d).

There are parallel grooves on the wear surface and many Cu chips along the wear path
(Figure 15e). The enlarged image shows that large particles of wear chips are embedded
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in the wear surface. Compared to the wear surface at 300 rpm/min, the wear surface at
400 rpm/min showed a decrease in debris and an increase in the adhesive wear effect
(Figure 15f). As the rotational speed increases, the amount of abrasive debris decreases and
the pear grooves become shallower but there are pits formed by adhesive wear (Figure 15g,
magnified view). This indicates that high rotational speed generates more frictional heat,
elevating the contact interface temperature, and the adhesive wear effect is enhanced. The
grooves on the wear surface at 600 rpm/min become thinner, and the whole becomes
smooth (Figure 15h). It is hypothesized that the high rotational speed carries residual
abrasive debris out of the friction grooves and the loss of mass of the ball is large, resulting
in a smooth wear surface.
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3.3.5. Al

Figure 16a,c show the COF of TiC–diamond composites with Al pairs at different loads
and rotational speeds. Overall, the load and rotational speed have a small effect on the
COF. The COF is between 0.4 and 0.5. There were fluctuations in the COF with an increase
in time during the test. Although the variation of COF with load increase is small, the
load variation has a significant effect on the wear mechanism of TiC–diamond composites
with Al paired. With the increase of load and rotational speed, the abrasive wear effect is
enhanced while the adhesive wear effect is weakened (Figure 16b,d). The mass loss of test
blocks and balls was small. The COF of Ti2AlC–TiC and Ti3AlC2–TiC composites and Al
pairs fluctuates between 0.5 and 0.8, which is larger than that of TiC–diamond composites
(0.4–0.5) [17]. The average COF of Ti3Si0.8Al0.2C2–diamond composites and Cu pairs is
between 0.5 and 0.8 under 9.8 N, which is larger than that of TiC–diamond composites [18].
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Figure 16. COF (a) and abrasion loss (b) of synthetics with Al pair under 5 −12 N; COF (c) and
abrasion loss (d) of synthetics at 300 −600 rpm/min.

Figure 17a shows SEM images of the wear surface of TiC–diamond composites. Similar
to the Cu wear process, the Al ball abrasive debris adheres to the wear surface and the
shape of the abrasive debris is irregular. The wear surface at 5 N has grooves and a small
amount of debris, indicating that the wear mechanism is a combination of pear gouge
wear and adhesive wear (Figure 17b). At 8 N, the degree of adhesion to the wear surface
decreases. When the load was increased to 10 N, the number of abrasive chips increased,
indicating an increase in abrasive wear action. The protruding corners and large amounts
of wear debris can lead to the formation of plastic deformation on the wear surface at a
load of 12 N (Figure 17d).

At 300 rpm/min, the wear morphology exhibited obvious visible furrows (Figure 17e).
The wear mechanism is dominated by furrow wear, accompanied by adhesive wear. The
signs of surface damage and deformation can be seen in the insets. Compared with
300 rpm/min, increasing the rotational speed to 400 rpm/min can smooth the wear sur-
face. At this speed, wear particles are more easily removed from the wear track, thus
reducing abrasiveness (Figure 17f). At 500 rpm/min, the wear surface became rough,



Coatings 2024, 14, 735 17 of 20

with a mixture of grooves and scattered wear debris (Figure 17g). This may be due to the
increased dynamic interaction between the surfaces caused by the increase in rotational
speed, which leads to the mixing of abrasive and adhesive wear. The wear morphology at
600 rpm/min (Figure 17h) is extremely irregular with severe abrasions. This may be due to
wear mechanisms such as higher interaction energy due to high rotational speed, increased
temperature and stress, and increased oxidation.
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Figure 17. SEM image of wear track of TiC–diamond composites (a); Al ball under 5 N (b); 10 N
(c); 12 N (d) at 400 rpm/min; under 9.8 N at 300 rpm/min (e); 400 rpm/min (f); 500 rpm/min (g);
600 rpm/min (h).
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4. Conclusions

(1) TiC-bonded diamond composites were prepared by HTHP technology, with the
main phases produced by a reaction between Ti and C (50 wt.% diamond), resulting in a
firmly bonded interface.

(2) The COF of TiC–diamond composites and agate balls increased with load due to
adhesive wear, minimizing at 400 rpm/min. The agate ball surface has rough scratches.

(3) POM has a decrease in COF with rotational speed, reaching a minimum at
400 rpm/min under a fixed load of 9.8 N. The wear of TiC–diamond bulks and POM
balls decreases with load, while PP balls have pear groove scratches and abrasive debris in
the form of flakes. The abrasion scar morphology of PP balls is less effective than that of
POM balls under the same friction condition.

(4) Cu and Al balls have less impact on COF due to rotational speed, while the load
has a more significant effect on the COF of Cu than that of Al. Adhesive wear is the
main friction mechanism of Cu balls, with load increase hardly altering it. TiC–diamond
composites with Al balls show increased abrasive wear with increasing load, which is
opposite to the effect for adhesive wear.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/coatings14060735/s1, Figure S1: Optical photographs of
POM ball abrasion marks.
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