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Abstract: In order to improve the tribological properties of epoxy (EP), EP composites were prepared
by filling different proportions of silicon carbide (SiC) particles and molybdenum disulfide (MoS;)
powder. SiC and MoS, particle surfaces were modified by the silane coupling agent KH560 to improve
dispersion and avoid agglomeration of the inorganic particles in the EP resin matrix. The effect of
different proportions of modified MoS; content on the tribological properties of SiC/EP composites,
and the wear mechanism of the worn surface, were investigated when the filler content was fixed
at 55 wt.%. The results indicate that the friction and wear properties of modified MoS, /SiC/EP
composites are better than SiC/EP composites without modified MoS,. When the modified MoS,
content is 4 wt.%, the average friction coefficient and volume wear rate of the modified MoS, /SiC/EP
composite are 0.447 and 14.39 x 107> mm3/N-m, respectively, which is reduced by 10.06% and
52.13% in comparison with that of the 55 wt.% SiC/EP composite. Furthermore, the average friction
coefficient of a composite containing 4 wt.% MoS; is 16.14% lower, and the volume wear rate is
92.84% lower than that of pure EP.

Keywords: molybdenum disulfide; silicon carbide; surface modification; epoxy matrix composite;
tribological properties

1. Introduction

Epoxy (EP) is one of the most commonly used industrial materials. Owing to its
excellent properties, such as high adhesive capacity, excellent chemical stability, and
good solvent resistance, it is a very widely used thermosetting resin [1,2]. It has been
widely reported that the addition of inorganic powders, such as silicon carbide (SiC), SiO,
graphite, etc., can significantly improve the mechanical properties, heat resistance and
wear resistance of EP [3-5]. However, due to its three-dimensional network structure and
poor surface properties, EP cannot be directly used as a wear-resistant material [6]. In order
to strengthen and improve the tribological properties of EP, adding different fillers into the
EP matrix has become an important and valid approach for solving these problems [7,8].
Most notably, the composite filling of hard particles and solid lubricants is very effective at
improving the properties of EP composites, because the complementary properties of these
different fillers, and the synergistic effect between fillers, make the tribological properties
of EP composites more effective. For example, graphite/glass-EP composites reinforced
by SiC particles can obtain better wear resistance [9], and an EP composite with TiO, and
graphite fillers together has a lower friction coefficient and better wear resistance than a
single filled EP, under all loads and speed conditions [10].

5iC has many excellent properties, such as high hardness, high wear resistance, high
mechanical strength, and so on. It can be used to enhance the mechanical properties and
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tribological properties of polymer composites [11-13]. Molybdenum disulfide (MoS;) has
a special layered structure, similar to graphite, which can enhance the various properties of
polymer composites. They can not only improve the mechanical and electrical properties
but can also act as a solid lubricant [14-17]. The layered structure is connected by a weak
van der Waals force between the layers, which has good lubricity, making it possible to
form a lubricating film on the surface of the polymer and, therefore, improving the friction
and wear performance of the polymer composite [18,19].

There is much research on the friction and wear of epoxy resin filled with SiC or
MoS, [20-24], but, so far, there are few reports on the synergistic filling of SiC and MoS,. In
this paper, EP composites with different proportions of SiC and MoS; were prepared. Due
to the significant differences in chemical structure and physical form, and a lack of affinity
between inorganic fillers and EP resin, surface modification of fillers is essential to make
them combine better with polymer and have good dispersion, especially when the filler
content is higher, which cannot be well dispersed in the polymer, even through mechanical
stirring [25,26]. Therefore, an important silane coupling agent, KH560 (c-glycidoxy propyl
trimethoxy silane), is used to form a layer of single molecule membrane on the surface of
fillers and improve their wettability and dispersion. There are many reports that focus on
the effects of KH560-modified SiC [27,28], but the research on KH560-modified MoS; in
relation to the tribological properties of reinforced composites is scarce. In our work, the
effect of surface modification by KH560 on MoS, powder was studied in detail. At the
same time, KH560-MoS, was added into an EP composite reinforced with a high content
of silane coupling agent, KH560-modified SiC powder. The effect of SiC and MoS; on
the friction and wear properties of EP composites was studied, and the worn surface
morphology of EP composites was analyzed. On this basis, the wear mechanism of SiC and
MoS; synergistically reinforced EP composites was discussed, which provided a reference
for the high wear resistance design and application of EP composites.

2. Materials and Methods
2.1. Materials

The experimental reagents mainly included MoS, powder (particle size < 2 pm, 99.8%
grad, Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China), SiC powder
(D50 = 0.9 um, 99.5% grad, Shanghai Yaotian New Material Technology Co., Ltd., Shanghai,
China), epoxy E51 (Hangzhou wuhuigang adhesive Co., Ltd., Hangzhou, China), curing
agent polyethylene polyamine (Aladdin, Shanghai, China), silane coupling agent, KH560,
acetone, ethanol, and acetic acid (all purchased from Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China).

2.2. Preparation of KH560-MoS;

Firstly, MoS, and KH560 were mixed in an ethanol and water solvent with proper
prescription (pH~4) in a reactor. Then, the mixture reacted for 6 h, with stirring at 60 °C and
ultrasonic dispersion for 30 min. After cooling to room temperature, the modified MoS,
was centrifugally washed 3 times using ethanol, and, finally, it was dried in a vacuum for
8 h to remove the solvent at 120 °C.

2.3. Composites Preparation

The as-prepared KH560-MoS; was added into the preheated EP and stirred for 1 h.
Then, the KH560-SiC and a little acetone was added into the mixture, stirred, and defoamed
at 70 °C under a vacuum for 2 h. After that, the polyethylene polyamine was added into
the mixture by slowly stirring. Then, the suspension was poured into the preheated mold
and cured in the blast air oven. The selected curing process was 40 °C/12h + 60 °C/2 h +
100 °C/4 h. Finally, the EP composites were obtained after demoulding. The ingredients
of EP composites are listed in Table 1, and the entire synthetic approach of modified
MoS, /SiC/EP composites is shown in Figure 1.
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Table 1. Ingredients of epoxy composites.

Fillers (wt.%)

Sample EP (wt.%)
SiC MoS,
EP 0 0 100
SE 50 0 50
S0 55 0 45
S1 54 1 45
S2 53 2 45
S3 52 3 45
S4 51 4 45
S5 50 5 45

Hydrothermal

= 60°C 6h  Ultrasonic 30min ~ \’r

@ pH~4 Dried in VacuumKH 560-MosS,

e
& Mos, Dl
~~ KH560
Epoxy resin
~@- KH560-SiC
Adding curing agent
L ——
After curing
Sample Vacuum degassing

Figure 1. Diagrammatic representation of modified MoS, /SiC/EP composites’ preparation.

2.4. Measurement and Characterization

A thermal-gravimetric analyzer (TGA) measurement was performed on an STA449F3
instrument (Netzsch instruments, Selb, Germany). About 3.5 mg of sample was put in an
alumina crucible and the heating rate was set as 10 °C/min, with the test range from room
temperature to 800 °C at argon atmosphere. A Raman laser spectroscopy measurement
was performed using a confocal laser, Raman evolution (LabRam HR Evolution, Paris,
France), with excitation provided in back-scattering geometry by a 532 nm laser line in
an air-ambient environment. An X-ray photoelectron spectroscopy (XPS, Thermo Scien-
tific Escalab 250Xi, Waltham, MA, USA) was used to characterize the surface chemical
composition and elemental content of the sample.

A Vickers hardness of samples was obtained by a digital microhardness tester system
(Wilson Tukon 1202, Norwood, MA, USA). The maximum indentation load was 0.1 kg,
while the holding time at maximum depth was 15 s. In order to reduce the tolerance, the
experiments were conducted at five indents for each sample. A field emission scanning
electron microscope (FESEM, FEI, Quanta + FEG250, Hillsboro, OR, USA) was used to
observe the fracture morphology and dispersion of the samples. The friction and wear
tests were tested by an MFT-4000 multifunctional material surface performance instrument
(MFT-4000, Lanzhou Huahui Instrument Technology Co., Ltd., Lanzhou, China), with
GCr15 steel balls 5 mm in diameter, as the upper specimens at room temperature. The
single reciprocating stroke was 10mm. The speed was 180 mm/min and the time lasted
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for 30 min. The friction coefficient was recorded by the tester, and the volume wear rate K
(mm?3/N-m) was calculated according to the Formula (1):

AV

K:
FxL

M

where AV is the wear volume (mm?), F is the test load (N), and L is the total reciprocating
stroke (m).

A three-dimensional optical profilometer (Nanovea ST400, Irvine, CA, USA) was used
to observe the three-dimensional contour map of wear track, and a field emission ultra-high
resolution scanning electron microscope (SEM, Zeiss sigma500, Oberkochen, Germany)
was used to analyze the worn surface morphology of samples.

3. Results and Discussion
3.1. Characterization on The Modification of MoS, Powder by KH560

The TGA thermal analysis curves of MoS, and KH560-MoS, were shown in Figure 2a.
It was seen from the figure that when the temperature started to rise to about 124 °C,
the weight loss trend of the two kinds of powders was the same. However, the thermal
weight loss of KH560-MoS, was obviously more stable than that of unmodified MoS; in the
temperature range of 124 °C~230 °C, which indicated that KH560 successfully modified
MoS,; and improved the thermal stability of MoS,. Overall, the weight loss of modified
MoS, was higher than that of unmodified MoS; from room temperature to 800 °C, which
was attributed to the decomposition of KH560. A Raman spectroscopy was carried out to
garner more structural information, as shown in Figure 2b. Pure MoS, had two dominant
peaks, at 379.4 cm~! and 403.4 cm !, which were, respectively, the in-plane E%g and out-of-

plane Aé vibrational modes [29]. It was observed that the E%g and Aé vibrational modes
had different degrees of shift to higher frequencies, and that the shift of E%g was larger

than that of Aé, suggesting that the KHH560 molecule used for surface modification was
combined with MoS; and introduced tensile strain into MoS; layers [30].
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Figure 2. TGA curves (a) and Raman Spectroscopy (b) of MoS, and KH560-MoS;.

XPS was used to confirm the chemical composition of MoS; and kH560-MoS,, as
shown in Figure 3. From the full spectrum in Figure 3a, it was found that the peak intensity
of C and O elements of the modified MoS, was higher than that of the unmodified MoS,,
and that the characteristic peaks of silicon (3.76%) appeared in KH560-MoS,, indicating
that KH560 was grafted onto the MoS; surface successfully. The high-resolution C1s and
Ols spectra were to estimate the function groups for KH560-MoS; in Figure 3b,c. The
functional groups of Cls peak included C-O, C-C, and Si-C, at 286.22 eV, 284.78 eV, and
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283.79 eV, respectively [31,32], and the C-O and Si-O of Ols peaked at 532.68 eV and
531.89 eV, respectively [33,34]. These functional groups were related to KH560 grafted on
the surface of MoS,. In addition, the high-resolution of Mo3d and S2p for KH560-MoS,
and MoS; were studied. Mo3d3,,, Mo3ds/,, S2p1,2, and S2p3,, peaks of KH560-MoS;
were located at 232.36 eV, 229.23 eV, 163.30 eV, and 162.08 eV, respectively, and Mo3dj3,»,
Mo3ds,», S2p1 /2, and S2p3,, peaks of MoS; were located at 232.90 eV, 229.77 eV, 163.80
eV, and 162.58 eV, respectively. It was found that the binding energy of Mo3d and S2p
of KH560-MoS; all shifted to lower energy. This could be explained by the electrostatic
interaction between MoS, and KH560 [35].
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Figure 3. Cont.
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Figure 3. XPS spectra of MoS, and KH560-MoS, (a), high-resolution XPS spectra of C1s (b); Ols (c);
Mo3d (d); S2p (e) for KH560-MoS,, and Mo3d (f); S2p (g) for MoS;.

3.2. Dispersion of High Content of Modified MoS,/SiC in Epoxy Matrix

The dispersion uniformity of fillers in the epoxy resin matrix directly affects the
performance of the EP composites. Most notably, this effect will be more significant when
the filler is added in a large proportion [36]. As shown in Figure 4, SEM fracture scanning
combined with EDS analysis was used to study the dispersion of high-content-modified
SiC/MoS; in EP composites. When the content of KH560-SiC was as high as 55 wt.%
(sample SO), it was still evenly distributed in the EP with good dispersibility, and was
well combined with the epoxy resin matrix (Figure 4a—c). The total content of inorganic
fillers was fixed at 55 wt.%, and KH560-MoS, partially replaced the same mass fraction of
KH560-SiC particles; the highest proportion of KH560-MoS; was 5 wt.% (sample S5). SEM
and EDS analysis (Figure 4d-g) showed that the modified MoS, with lamellar structure
was closely embedded in the modified SiC/EP composites, with uniform distribution and
good dispersion. The KH560-MoS, powder size was less than or equal to 2 um, without
agglomeration phenomenon in EP composites, which proved that the MoS, lamellar
powder modified by KH560 could also be well dispersed and combined in the epoxy
resin matrix.

10um ! 10um 10um

Figure 4. Fracture morphology of SO (a) and EDS results of C (b); Si (c), and Fracture morphology of S5 (d) and EDS results

of C (e); Si (f); Mo (g).
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3.3. Tribological Properties of Composites

The real-time friction coefficient (COF) for the EP and other EP composites, and the
resulting variation in the average COF and volume wear rate of composites at 60 N, are
shown in Figure 5. It was obvious that all samples had experienced two stages of running-
in period and stable period from the friction test curve (Figure 5a,c). In the early stage of
the running-in period, the friction coefficients of all samples increased rapidly with the
progress of friction. Compared with pure EP, the friction coefficient of EP composites with
SiC and MoS; added had relatively small fluctuations in the stable period. In addition, the
friction coefficient of pure EP still fluctuated greatly after the stable period. The reason was
that, compared with the EP composites, the hardness of pure EP was the lowest, which was
19.0 HV (Figure 6, Vickers hardness of EP and EP composites). The plastic deformation
of the EP worn surface was more serious during the friction process, which resulted in
serious fatigue wear and which led to a large fluctuation of friction coefficient after the
stable period [37]. It was found that when the content of modified SiC increased to 50 and
55 wt.%, the friction coefficient of SE and SO was lower and tended to be stable [38,39], as
shown in Figure 5a. This indicated that the modified SiC particles could be well combined
with the epoxy resin matrix, and the matrix stress could be better transmitted to endure
higher normal loads when the content of SiC particles was higher. At the same time, a
large amount of SiC particles distributed on the friction interface could reduce the tearing
of the EP composite surface and the formation of furrows, thereby reducing the friction
coefficient [40].
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Figure 5. Development of friction coefficient over testing time for EP composites (a,c), and average COF and wear rate for
EP composites at 60 N (b,d).
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Figure 6. Vickers hardness of EP composites.

Figure 5b depicts that the average COF of the EP composite adding 55 wt.% SiC
particles was 0.497, and the volume wear rate was 30.06 x 10> mm3/N-m. Compared
with pure EP, the average COF was reduced by 6.75% from 0.533, and the volume wear
rate was reduced by 85.04% from 200.98 x 107> mm?/N-m. If the addition of SiC par-
ticles was reduced to 50 wt.% (sample SE), the average COF and volume wear rate had
no obvious change compared to sample SO. Therefore, the fixed total content of fillers
added in EP was 55 wt.% in the composite material with modified MoS, powder. As
shown in the inset of Figure 5c, the friction coefficient of the EP composites with modified
MoS, powder in the stable period was lower than that of SO, which proved that the ad-
dition of MoS, improved the friction-reducing performance of EP composites better [41].
When the content of modified MoS; was increased to 4 wt.% (Figure 5d, sample S4), the
measured lowest average COF was 0.447, which was reduced by 10.06% compared to
0.497 of SO, and was reduced by 16.14% compared to 0.533 of EP. At the same time, the
measured lowest volume wear rate was 14.39 x 10~° mm3/N-m of $4, which was reduced
by 52.13% compared to 30.06 x 10> mm3/N-m of SO, and was reduced by 92.84% com-
pared to 200.98 x 107> mm?/N-m of EP. When the content of modified MoS, continued to
increase, the average COF and volume wear rate of the modified MoS, /SiC/EP composites
increased; but they were still lower than those of S0. With reference to Figure 6, as the
content of modified MoS, increased, the hardness of the EP composites decreased. When
the content of modified MoS; was 5 wt.% (S5), the hardness of modified MoS, /SiC/EP
composite was the lowest, which was 32.2HV. Although the modified SiC and MoS, could
be well dispersed in the resin matrix, the composite hardness would be reduced when
MoS, replaced the same amount of SiC. This is because the hardness of SiC particles is
higher than that of MoS;, and some MoS, particles had larger particle size, smaller specific
surface area, and lower surface energy, which made the bonding strength between MoS,
and epoxy resin weak. In this case, the contact area of the friction pair on the surface of
the composites increased, and more hard abrasive SiC particles were produced in the early
stage of the running-in period, which resulted in slight abrasive wear during the friction
process and led to the increase of the friction coefficient and the volume wear rate.

Figure 7 showed the effect of applied load on the friction coefficient and wear rate
of modified MoS, /SiC reinforced EP composites, and the test sample was S54. As shown
in Figure 7a, when the applied load was only 10~20 N, the friction curve of the stable
period tends to be flat and straight, indicating that the friction process was proceeding
on its surface. The wear rate was very small, and a small number of particles adhered to
the dual surface. When the applied load was gradually increased to 40~60 N, the MoS,
particles with weak bonding interface, bonded by van der Waals force between the layers,
would extrude and penetrate into the matrix, resulting in the formation of lubricating film
at the friction interface, which reduced the friction resistance and decreased the friction
coefficient gradually. However, with the applied load increasing to 80 N, the lubricating
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film produced by MoS; particles could reduce the friction coefficient in the middle stage
of friction. The friction coefficient began to fluctuate greatly in the late stage after 20 min
(shown in the inset of Figure 7a), resulting in the damage of the lubricating film on the
friction interface and severe fatigue wear, which led to the obvious increase of the friction
coefficient and volume wear rate (Figure 7b) [42].

0.55 80
(b) I Average COF
0.5 Il Wear rate
- 8 160 €
g £o50| 2
] ) c
£ 04| S £
] c 440+<
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k3 = 045| £
=03 o 120 &
© (7]
g =
<
0.2 L L 24 % 2,30 g4
0 5 10 15 20 25 30 10N 20N 40N 60N 80N

Applied load(N)

Time(min)

Figure 7. Development of friction coefficient over testing time for 54 (a), and average COF and wear rate for 54 at different

applied loads (b).

3.4. Wear Mechanism Analysis of Composites

Comparing the three-dimensional profile of SO and 54 samples after the friction test
at 60 N (shown in Figure 8), and combining it with the hardness test results (shown in
Figure 6), it can be seen that when the additional amount of modified MoS; is 4 wt.%, the
depth of the wear scar is relatively shallow and the depth distribution of the wear scar is
relatively consistent; although, the hardness of EP composites is lower than that of 55 wt.%
SiC/EP composites without modified MoS,. This illustrates that the soft phase addition of
MoS, can reduce the hardness of the composites, and the addition of properly modified
MoS, can not only improve the composite’s ability to withstand applied loads, but, also,
spread on the friction surface, thereby effectively reducing the actual friction area and
playing a better role in wear resistance [43].

(a) mm Length = 9.65 mm Pt= 402 ym Scale = 50.0 ym

mum Length =968 mm Pt=299ym Scale =50.0 ym

Figure 8. Three-dimensional contour map of wear track of SO (a) and S5 (b) at 60 N.
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In order to investigate the wear mechanism for filled and unfilled composites, the cor-
responding low and high magnification SEM images of the worn surfaces are demonstrated
in Figure 9. The worn surface of EP (Figure 9a) appears rough and more microcracked.
This indicates that part of the EP is detached and the friction damage to the material is
more serious, showing typical fatigue wear characteristics. For the composite with 55 wt.%
modified SiC, the worn surface is relatively smooth, and some hard abrasive SiC particles
are produced (Figure 9b). In addition, the hard abrasive SiC particles can be seen protrud-
ing on the worn surface at higher SEM magnification (Figure 9i), which shows the abrasive
wear mechanism. After adding appropriately modified MoS,, which lends solid lubricant
properties, the MoS, particles evenly dispersed in the composites gradually migrate to the
worn surface during the friction process, and provide a lubrication effect, thus, making
the worn surface smoother (Figure 9c—f). In addition, it seems that the transfer film has
a compact and smooth structure; this can be seen clearly in a high SEM magnification
(Figure 9j). When the content of modified MoS; increases to 5 wt.% (Figure 9g), some hard
abrasive SiC particles exist on the worn surface, resulting in slight abrasive wear, which
increases the friction coefficient and volume wear rate. Nevertheless, with the normal load
increases exceeding the capacity of the modified MoS, /SiC/EP composite, the lubricant
film will be partially destroyed, and more microcracks appear on the worn surface, as
shown in Figure 9h. At this moment, the main wear mechanism is fatigue wear, which
greatly increases volume wear rate.

Figure 9. SEM images of wear track on the composites EP (a); SO (b,i); S1 (c); S2 (d); S3 (e); S4 (£,h,j); S5 (g). The load of
S4 (h) is 80 N, while the others are 60 N.

4. Conclusions

The surface of MoS, particles was successfully modified by silane coupling agent
KH560 to improve its dispersion in EP composites. An MFT-4000 multifunctional material
surface performance tester was used to evaluate the friction and wear properties of the
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composites filled with modified MoS,, instead of SiC, with the same mass fraction when
the fixed filler content was 55 wt.%. The wear mechanism was discussed by analyzing the
worn surface. Our main conclusions could be drawn as follows:

(1) The results of TGA, Raman and XPS showed that the surface of MoS, particles was
successfully modified by KH560.

(2) Itis found that the friction and wear properties of SiC/EP composites with MoS,
are better than those without MoS,. When the adding fraction of modified MoS; is
4 wt.%, the friction coefficient and volume wear rate of EP composites are lowest.
Compared with 55 wt.% SiC/EP composite, the friction coefficient and volume wear
rate of the SiC/EP composite containing 4 wt.% MoS; are reduced by 10.06% and
52.13%, respectively. Furthermore, the composite friction coefficient is decreased by
about 16.14%, from 0.533 to 0.447, and the volume wear rate is reduced by 92.84%,
from 200.98 x 107> mm?/N-m to 14.39 x 10~> mm?>/N-m, in comparison with those
of pure EP, proving the significant improvement of wear resistance of EP composites.

(3) When the appropriate content of MoS, with lubricating properties is added, the MoS,
homogenously dispersed in the material gradually migrates to the surface during the
friction process to form the lubricating film, so as to make the worn surface smoother.
However, when the weak-bonded MoS; content increased to 5 wt.%, some hard
abrasive SiC particles existed on the wear surface, resulting in slight abrasive wear,
which increased the friction coefficient and volume wear rate. In addition, if the load
increases and exceeds the capacity of the modified MoS,/SiC/EP composite, the
lubricant film is partially destroyed, and the main wear mechanism is fatigue wear.
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