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Abstract: The present study investigated the tribological performance of epoxy (EP) matrix
composites enhanced with natural garnet. The garnet was surface-modified with sodium stearate
for optimal performance. Composites comprising different contents and particle sizes of modified
garnet (MG) were prepared with a mixture of EP and MG. The sodium stearate-bonded garnet and
EP formed a stable structure. Tribological performance was measured by a ball-on-plate apparatus
under permanent dry sliding conditions and a wear track was obtained by an optical profilometer.
The wear mechanism was explored by scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) images. Wear test results showed that the coefficient of friction for all EP/MG
composites decreased compared with that for neat epoxy. The results also indicated that the addition
of MG can evidently improve the tribological properties of EP matrix composites.
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1. Introduction

Polymeric materials, such as epoxy (EP), feature a wide range of applications in various industries
as substitutes for metals due to their unique mechanical and tribological properties (friction and wear
resistance) [1]. Polymeric materials require more in-depth research to ensure their safety and economic
and environmental efficiency. Furthermore, defects in cured EP resin have received widespread
consideration regarding reinforcement of EP in various conditions, such as coating and wear [2]. EP can
be reinforced with rubber, glass fiber, thermoplastic resin, or inorganic particulates [3,4]. Specifically,
during the past decades, studies of inorganic particulate-filled EP composites have been carried out to
examine their tribological properties [5–7]. Inorganic nanoparticles, as fillers of EP composites, have
caught the attention of researchers and engineers [2,8–10]. However, natural inorganic mineral particles
used in EP composites remain unappealing, thus limiting their study in this field. Natural particles
can potentially have extensive application with their distinctive properties and economic benefits.
Therefore, studies should consider the application of natural mineral particles in EP composites.

Substituting other materials, the natural mineral garnet can be used as a reinforcement of EP
composite given its excellent physicochemical properties, thermal stability, abundant availability,
and desirable ecological alternative [11]. Garnets are nesosilicate minerals with a Moh’s hardness
of 6.5 to 7.5 [12], which are slightly lower than silicon nitride. Garnet is mainly composed of
grossular and exhibits strong chemical stability at high temperatures and its melting point, which
can reach 1443–1553 K [12]. Garnet offers good application prospects in the friction field with these
excellent properties. Previous research on the application of garnet mainly focused on metal matrix
composites [12,13]. These studies showed that the addition of satisfactory particle sizes and amounts of
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garnet in Al garnet composite can reinforce its microstructure and microhardness, resulting in drastic
improvement of tribological properties. Nevertheless, a wide variety of restrictions and defects led to
a narrow range of potential applications. In the field of polymer composites [14,15], as a filler, garnet
can significantly promote the tribological properties of EP composite materials to offer significant
prospects for their application. Only a few reports considered the natural inorganic mineral as a filler in
epoxy composites, thus, it is necessary to understand the tribological properties of garnet composites
in some conditions.

In our previous work, we observed that unmodified garnet (unMG) will settle and agglomerate
in the matrix, resulting in decreased dispersibility in EP matrix. Therefore, garnet must be
surface-modified to improve the dispersion in EP resin. In the present work, we focused on surface
modification of natural mineral garnet and understanding the tribological properties of EP composite
reinforced with modified garnet (MG) as a low-cost filler material. We considered the effects of particle
content and size of garnet in composites on the coefficient of friction and specific wear rate (volume
loss at unit load and stroke through continuous rubbing). Four distinct sizes acquired by ultrafine
grinding of garnet particles were used to fill the EP matrix with three kinds of gradient contents. Dry
sliding wear tests of composite specimens were performed with a ball-on-plate apparatus [9]. Wear
tests were carried out at constant parameters and optical profiles of the wear tracks were analyzed
with a 3D surface profilometer.

2. Materials and Methods

2.1. Materials

Natural garnet is garnet concentrate with a grade of more than 90%, which was separated and
purified from the skarn ore type scheelite by Hunan Nonferrous Xintianling Tungsten Industry Co.,
Ltd., Chenzhou, China.

The structure of garnet was analyzed with X-ray diffraction (XRD, DX-2700 diffractometer,
Haoyuan, Dandong, China). As shown in the XRD pattern of garnet (Figure 1), the main crystalline
phase of the specimen is andradite and impurity peaks of the quartz phase are observed [16]. The XRF
(Axios mAX, Panalytical, Almelo, The Netherlands) result shows that the garnet specimen is mainly
composed of 36.52% of SiO2, 28.02% of CaO, 11.71% of Fe2O3, 8.70% of Al2O3, and 1.12% of MgO, which
originated from the garnet, and some impurities, such as fluorite, magnetite, quartz, etc. These results
indicate the composition of garnet is an andradite-grossular solid solution. Furthermore, the unit cell
parameter of the garnet is obtained by structural refinement of XRD data. The unit cell parameter
of the andradite-grossular solid solution is determined as a = 11.9601 Å, which is refined by cell
refinement of Jade software (MDI, Livermore, CA, USA). According to the variation of unit-cell edges
with chemical composition in the garnet group of andradite-grossular (as shown in the Figure 241(g)
of [17]), the composition of garnet is an andradite-grossular solid solution of An56Gr44. This result was
very close to the result from chemical analysis. The chemical formula of the garnet is determined as
Ca3(Fe0.56,Al0.44)2(SiO4)3, which is calculated from the composition of An56Gr44 [18]. This finding also
shows a difference between the natural garnet used in our investigation and the andradite–grossular
garnet and the grossular garnet from other research [19–21].

Commercially available EP resin (E51), accelerator (2,4,6-tris (dimethylaminomethyl) phenol), and
curing agent (methyl tetrahydrophthalic anhydride) were purchased from Yueyang Dewei Material Co.,
Ltd., Yueyang, China. Garnet particles as filler with different sizes were surface-modified before mixing
with EP resin. Sodium stearate was supplied by Tianjin Kemiou Chemical Co., Ltd., Tianjin, China.



Minerals 2018, 8, 217 3 of 15

Minerals 2018, 8, x FOR PEER REVIEW  3 of 15 

 

 

Figure 1. X-ray diffraction pattern of the garnet specimen. 

Commercially available EP resin (E51), accelerator (2,4,6-tris (dimethylaminomethyl) phenol), 

and curing agent (methyl tetrahydrophthalic anhydride) were purchased from Yueyang Dewei 

Material Co., Ltd., Yueyang, China. Garnet particles as filler with different sizes were 

surface-modified before mixing with EP resin. Sodium stearate was supplied by Tianjin Kemiou 

Chemical Co., Ltd., Tianjin, China. 

2.2. Ultrafine Grinding and Surface Modification of Garnet 

As micron-sized materials have a suitable particle size, the natural garnet was ground to reduce 

the particle size in advance. Garnet was dispersed in water for grinding by a superfine stirring mill. 

The suitable parameters were as follows: liquid-to-solid ratio of 2:1, rotational speed of 400 rpm, and 

duration of 0–300 min. This process produced garnet particle sizes of 4.960–51.884 μm. After 

ultrafine grinding, garnets with different particle sizes were dispersed in sodium stearate solution 

and constantly stirred at 400 rpm to achieve surface modification. The reaction temperatures were  

50 °C, the content of sodium stearate varied from 0 wt % to 10 wt %, and the liquid-to-solid ratio was 

4:1. Four distinct sizes (d90) of MG particles (21.125, 11.300, 8.697, and 4.960 μm) were selected for 

preparation of EP composites. All MG specimens were stored in desiccators before the preparation 

of composites. 

2.3. Preparation of EP/MG Composites 

The EP/MG composites were prepared by directly and thoroughly mixing MG particles and EP 

with continuous stirring for 30 min. Then, the curing agent and accelerator were injected into the EP 

mixture for mechanical stirring for 10 min. To prevent the introduction of air and reduce the 

viscosity of the EP resin, the mixing process was carried out in a vacuum chamber at 75 °C. After 

mixing, the mixture was poured into a steel mold for curing at 130 °C for 3 h. Following this step, 

composites were extracted and then cooled down to ambient temperature. Neat epoxy and 

composites with mass fractions of 10, 20, and 30 wt % of MG were prepared. 

  

Figure 1. X-ray diffraction pattern of the garnet specimen.

2.2. Ultrafine Grinding and Surface Modification of Garnet

As micron-sized materials have a suitable particle size, the natural garnet was ground to reduce
the particle size in advance. Garnet was dispersed in water for grinding by a superfine stirring mill.
The suitable parameters were as follows: liquid-to-solid ratio of 2:1, rotational speed of 400 rpm,
and duration of 0–300 min. This process produced garnet particle sizes of 4.960–51.884 µm. After
ultrafine grinding, garnets with different particle sizes were dispersed in sodium stearate solution
and constantly stirred at 400 rpm to achieve surface modification. The reaction temperatures were
50 ◦C, the content of sodium stearate varied from 0 wt % to 10 wt %, and the liquid-to-solid ratio was
4:1. Four distinct sizes (d90) of MG particles (21.125, 11.300, 8.697, and 4.960 µm) were selected for
preparation of EP composites. All MG specimens were stored in desiccators before the preparation
of composites.

2.3. Preparation of EP/MG Composites

The EP/MG composites were prepared by directly and thoroughly mixing MG particles and EP
with continuous stirring for 30 min. Then, the curing agent and accelerator were injected into the EP
mixture for mechanical stirring for 10 min. To prevent the introduction of air and reduce the viscosity
of the EP resin, the mixing process was carried out in a vacuum chamber at 75 ◦C. After mixing,
the mixture was poured into a steel mold for curing at 130 ◦C for 3 h. Following this step, composites
were extracted and then cooled down to ambient temperature. Neat epoxy and composites with mass
fractions of 10, 20, and 30 wt % of MG were prepared.

2.4. Physicochemical Properties

The properties of garnet changed significantly after surface modification by sodium stearate.
In the present research, the water contact angle, infrared spectrum, and surface properties were
measured to analyze the effects of modification.
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The MG surface is nonpolar. This property induces MG to an activated state. Thus, MG can float
on water. Settling experiments showed that up to 96.7% of garnets can suspend stably on the surface
of water. This result shows that stearate was successfully grafted to garnet.

The contact angle was investigated using a contact angle measuring instrument (Attension, Biolin,
Espoo, Finland). Static contact angles were measured in ambient conditions with a camera by applying
the Young-Laplace equation. A drop of deionized solvent (4 µL) from an injector was dripped on
the surface of the specimens. Two kinds of solvent, ultrapure water and benzene containing 2 wt %
epoxy, were used for this test. Five measurements were performed to acquire the average value of
the contact angle.

Structural analyses of MG, unMG, and sodium stearate were conducted with a Nexus (Nicolet,
Waltham, MA, USA) Fourier transform infrared spectrometer (FTIR). The results were used to identify
the peaks for each functional group of specimens. Structural change in MG can be characterized
by change in functional groups. Surface properties of the surface area and pore properties were
determined with an Autosorb-1 automatic apparatus (Quantachrome, Boynton Beach, FL, USA) from
N2 adsorption isotherms.

The dispersion of unMG and MG particles in epoxy was investigated with an Axiovert 200 MAT
(Zeiss, Oberkochen, Germany) optical microscopy. The composites containing the same content of
unMG and MG were prepared for the test, respectively. All the specimens were polished before testing.

2.5. Wear Test and Tribological Characterization

A UMT-3H (Cetr, Campbell, CA, USA) ball-on-plate test system was used to investigate the friction
and wear behavior (wear resistance and mechanism) of neat EP and EP/MG composite by sliding
against a ball of silicon nitride (Si3N4) with a linear motion, as shown in Figure 2. The silicon nitride ball
(9 mm) was continuously and reciprocally slid against the stationary specimen in ambient conditions
under the same parameters of constant velocity of 1.2 cm/s and applied normal load of 150 N for
1 h. Before the test all specimens were polished against SiC sandpaper to ensure proper contact of
the counterface (contact surface of composite and Si3N4). The surfaces of both the specimen and
the ball were cleaned with ethanol and thoroughly dried before the tests. The size of the specimen
was 20 mm × 20 mm × 5 mm. The wear scar width and depth of the EP and EP/MG composite were
determined by an NPFLEX 3D (Bruker, Billerica, MA, USA) surface profilometer.
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Figure 2. Schematic diagram of the wear test. Figure 2. Schematic diagram of the wear test.

Scanning electron microscopy (SEM, NanoSEM, FEI, Hillsboro, OR, USA) was used to observe
the original surface and worn tracks. Surfaces of specimens were sprayed with a thin gold coating for
observation of the wear mechanism.



Minerals 2018, 8, 217 5 of 15

The specific wear rate Wr of the specimen was calculated by the Equation (1) [22,23]:

Wr =
V

D × L
mm3/Nm (V = S × d) (1)

where V, D, L, S, and d correspond to the wear volume, applied normal load, total sliding distance,
cross sectional area, and sliding stroke, respectively.

3. Results and Discussion

3.1. Physicochemical Properties of MG

Garnet showed a strong hydrophilic surface that led to poor compatibility between itself and
the matrix. Therefore, the hydrophilic surface of garnet powder must be modified to become oleophilic
before preparation of composite materials. MG surface became nonpolar, which contributed to extreme
hydrophobicity and lipophilicity. As a consequence, the contact angle (Figure 3) exhibited remarkable
variations due to surface modification with sodium stearate.
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Figure 3. Contact angle of: (a) unMG in water; (b) MG in water; (c) unMG in benzene containing
2 wt % epoxy; and (d) MG in benzene containing 2 wt % epoxy.

As shown in Figure 3, contact angles of unMG and MG in water were approximately 20◦ and 135◦,
respectively. At the same time, contact angles of unMG and MG in benzene containing 2 wt % epoxy
were 104◦ and 23◦, respectively. This result indicates that unMG exhibited strong hydrophilicity and
oleophobicity, whereas MG was extremely hydrophobic and lipophilic. The water contact angle
of MG is larger than the 82.03◦ angle of EP [23]. The significant transformation of the contact
angle confirms the successful grafting of sodium stearate on the surface of the garnet. Sodium
stearate, with its excellent surface activation effect, remarkably enhances the hydrophobic properties
of garnet. Compared with modification of nanoparticles [24,25], MG microparticles had a higher water
contact angle.

Figure 4 shows the FTIR spectra of unMG and MG. The garnets before and after modification
exhibited the same stretching vibration bands at 1463.3, 913.5, 849.0, 690.3, 526.8, and 461.1 cm−1 [26–29].
These two specimens also showed the –OH band at 3370 cm−1. MG bands at 2918 cm−1 and 2849 cm−1
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resulted from, respectively, asymmetric and symmetric stretching vibration of methylene [24,30],
indicating successful loading of sodium stearate ions into the garnet. The bands at 1434, 1464, and
1558 cm−1 of sodium stearate were attributed to vibration absorption of methyl and methylene, and
asymmetric stretching vibration of the carboxylate group, respectively [30–32]. When sodium stearate
was grafted onto the garnet, those bands interacted with the band at 1445 cm−1, leading to a band
shift, demonstrating chemical adsorption of sodium stearate in garnet. Stearate radicals reacted with
Ca2+ and Fe3+ of garnet and formed a hydrophobic structure on the garnet surface.
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Figure 5 displays nitrogen adsorption-desorption isotherms of unMG and MG. The rectangle inset
in Figure 5 shows the corresponding pore size distributions, which were calculated by the desorption
branch with the Barrett-Joyner-Halenda method. Nitrogen adsorption isotherms of unMG and MG
showed a typical type II adsorption isotherm with a type H3 hysteretic loop [33,34]. Adsorption
capacity still rapidly increased at high relative partial pressure (P/P0) of more than 0.9, and limiting
adsorption was not observed, indicating that it is a typical hysteretic loop of type H3. The hysteretic
loop of type H3 manifested aggregates of plate-like particles, leading to slit-shaped pores. As shown
in the inset, a relatively narrow and bimodal porous structure appeared in unMG and MG specimens.
Pore size distribution of MG was much wider. The unMG featured two narrow peaks, ranging
from 14 to 33 nm and 33 to 47 nm. This result indicates uniform pore size distribution of unMG. A
stronger broad peak of MG appeared at 16–37 nm. This finding suggests that unMG mainly contained
mesopores, and such a pore structure was not changed with modification. The MG exhibited broad
peaks, ranging from 37 to 91 nm. A drastic decrease in pore volume occurred at 33–37 nm. This result
indicates that stearic acid ions dispersed in, and occupied, the mesopores and macropores of garnet.
The formation of macropores is probably attributed to extraction of physically absorbed stearic acid
ions [35].
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Brunauer-Emmett-Teller surface area of garnets before and after modification reached 1.444
and 6.228 m2/g, respectively. The increased surface area of garnet after modification explains
the better dispersion of MG microparticles [33]. Surface energy of unMG is relatively high: according
to the principle of minimum energy, unMG particles will aggregate to reduce surface energy [36].
Therefore, a serious reunion phenomenon occurred among garnet particles. Large unMG particles
are formed due to agglomeration, which reduces the surface area of garnet. On the contrary, MG was
coated with a layer of stearic acid radicals, which reduced the surface energy and put the particles in a
stable dispersion state [37]. Thus, MG showed better dispersibility and caused an increase in surface
area compared with unMG.

The above results indicate that sodium stearate was successfully grafted onto the garnet. Then
hydroxyl groups contributed to improve the dispersion of MG in epoxy. We analyzed the dispersion
of unMG and MG particles in epoxy by optical microscopy, as shown in Figure 6. Figure 6a shows
serious agglomeration of unMG particles. On the contrary, MG in composite (Figure 6b) displays better
dispersion, which will help to improve the tribological performance of the EP/MG composite.
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3.2. Tribological Characterization and Wear Mechanisms

In ball-on-plate tests, the reciprocating ball continuously slides against the stationary surface
of the specimen. Given that garnet is a promising, naturally wear-resistant material, especially
with the remarkable compatibility of MG surface with EP resin, studies should investigate
the tribological performance of EP/MG composite. In the present study, experiments were performed
to determine the effects of content and size of garnet microparticles on the tribological properties of
EP/MG composite.

3.2.1. Effects of Content and Particle Size of MG on Coefficient of Friction

Variations in coefficient of friction of neat EP and EP/MG composite with different particle sizes
and contents at constant parameters, including an applied normal load of 150 N and sliding velocity of
1.2 cm/s, are displayed in Supplementary Materials Figure S1(1–13). As shown in these figures, all
specimens underwent two stages: a running-in period and a stable state, as studied in references [10,38].
In the running-in period, the coefficient of friction of all specimens increased with the increasing time
at the initial stage. Different specimens have different rate of increase of coefficient of friction. After
the specimens completed the running-in period, a stable period was reached when coefficient of friction
remained at a substantially stable level for almost all composites, as exhibited in the supplementary
materials. A slight variation in the coefficient of friction of these composite specimens was observed
after reaching the stable state. However, a fluctuation was detected in the coefficient of friction of
neat EP and composites with 8.697 µm particle size of MG. A significant decrease was observed after
the stable stage of EP/MG composite with a particle size of 8.697 µm, and this result can be ascribed
to the development of a transfer film [39]. The EP/MG composite presented a better capacity to
form a transfer film on the surface of the composite and counterpart of the Si3N4 ball in wear test;
this condition can avoid plow and reduce the coefficient of friction with lubrication of the transfer
film [39,40].

The rate of increase of the coefficient of friction for different specimens is quite different. As
shown in Figure S1(2,5–9,11), these composites have a greater increased rate of coefficient of friction in
the running-in period, compared with other composites and neat epoxy. This result was understandable
at early stages, where the original surfaces of these composite specimens and the Si3N4 ball were
rougher, resulting in high coefficients of friction, as shown in Figure 7a. The results are in accord
with the hypothesis that numerous asperities are present on the surface of composites. Thus, the real
contact area between these composites and Si3N4 ball is small, leading to strong interlocking [1,38].
Interlocking resulted in large contact pressure, which would cause a rapid increase in the coefficient of
friction of these specimens. As shown in Figure 7b, the original surface of EP was smoother, resulting
in a lower coefficient of friction in the initial stage.
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For in-depth investigation, the effects of the content and particle size of MG in the composite
on the coefficient of friction were investigated, and the results are displayed in Figure 8. Each value
of the coefficient of friction is the average value of the stable state and is based on low standard
deviation. As presented in Figure 8, the coefficient of friction of all EP/MG composites was decreased
compared with that of neat EP. However, the magnitude of reduction differed. This result indicates that
the addition of MG filler contributed to the decrease in coefficient of friction [3]. This can be attributed
to the MG can improve the hardness and resistance of decomposition of composite, compared with neat
EP [23]. Contact temperature is another significant factor that impacts the coefficient of friction [41].
Incorporating MG reduces the contact temperature. High contact temperature of neat EP led to severe
softening of the resin matrix during friction, which increased the coefficient of friction. The coefficient
of friction of composites containing 10 wt % MG experienced the lowest coefficient of friction. A
trend toward an increased coefficient of friction was observed when the content of MG totaled 20 and
30 wt %. This result shows that composites containing 10 wt % of MG provided a better effect on
decreasing the coefficient of friction. In this condition, less MG content in the composite resulted in
better dispersion and bonding in the resin matrix than high MG content. This situation can promote
the development of thin and uniform adhering transfer films on the counterpart surface [39,42].
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As shown in Figure 8b, the coefficient of friction of the EP/MG composite assumes an obvious
decrease with increasing particle size from 4.960 µm to 11.300 µm. With a further increase in particle
size up to 21.125 µm, the coefficient of friction increases for all the composites. The smallest coefficient
of friction was observed for EP/MG composite at a particle size of 11.300 µm. The composite containing
4.960 µm MG obtained the poorest efficiency in decreasing the coefficient of friction. This result can be
explained by the severe agglomeration of microparticles measuring 4.960 µm; there was high surface
roughness at the contact surface, which led to an increase in the coefficient of friction [43].

Figure 9 illustrates the synergistic effect of content and particle size of MG in composite on
the coefficient of friction. The composite containing 10 wt % MG with a particle size of 11.300 µm
demonstrated the highest decrease in the coefficient of friction. Uniform dispersion of MG particles
and strong matrix bonding are considered to promote tribological properties [1]. However, when
the content and particle size of microparticles were beyond the suitable range, agglomeration of
microparticles gave rise to an increase in particle size and the number of regions (without MG) with
low hardness. The optimal content and size of MG particles provides the best support for the sliding
load and are similar to those of ZrB2 microparticles [44].
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3.2.2. Effects of Content and Particle Size of MG on Specific Wear Rate

Supplementary Materials Figure S2(1–13) present the optical profiles of the wear tracks and line
scans of the cross-profiles on the neat EP and EP/MG composites with measurements. A remarkable
groove on the surface was observed in the 3D optical profiles of all composites and neat EP. The width
and depth of the groove significantly differed for various specimens. As shown in Figure S2(1b–13b),
the depth of the wear track was larger in the center than on the edge, suggesting that the abrasive wear
(epoxy stuck to the surface of the Si3N4 ball) in the center was the most severe compared with that on
the edge. This result is attributed to the abrasion with reciprocating sliding against the Si3N4 ball.

Line scans of the cross-profiles in Figure S2(1c–13c) display a variation in wear depth as a function
of wear width, which was obtained with the line scan from the cross-section of the wear track, as
shown by the dotted line in the planform. The cross-sectional area of the wear track was calculated by
integration of the data of the line scan. The cross-sectional area of the composite filled with the most
appropriate MG was smaller than that of the neat EP. The cross-sectional area was multiplied by
the length of wear track to calculate the wear volume.

Figure 10 shows the effects of content and particle size for MG in composite on specific wear
rate. The specific wear rate was computed by Equation (1). As shown in Figure 10a, the specific wear
rate of composites was increased with increasing MG (4.960 and 21.125 µm) content from 10 wt % to
20 wt %. Then the specific wear rate of these composites was decreased with the further increase of
MG content to 30 wt %. The specific wear rate of composites displayed the opposite variation with
the addition of MG of 11.300 µm. There were no regular variations in specific wear rate of composites
with the variation of MG (8.697 µm) content. However, only two composites containing 10 wt % MG
(8.697 and 11.300 µm) had lower specific wear rates than EP. Compared with neat EP, the specific wear
rate of these composites was reduced by 18.2% and 14.3%, respectively. This result demonstrated that
only appropriate particle size benefits reduction of specific wear rate. The MG (8.697 and 11.300 µm)
exhibited better dispersion and helped to strengthen the interface bonding between the particles and
epoxy, contributing to an enhancement of wear resistance. In this condition, transfer film composed of
MG and EP matrix forming on the counterface helped to decrease the specific wear rate. As shown in
Figure 10b, the specific wear rate of composites containing 10 and 20 wt % MG displayed an obvious
V-shaped trend. The specific wear rate of the composite decreased with increasing MG (10 wt %)
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particle size from 4.960 µm to 8.697 µm. The specific wear rate of the composite decreased with
increasing MG (20 wt %) from 4.960 µm to 11.300 µm. The specific wear rate of these composites
both increased with a further increase in particle size. The specific wear rate of composites displayed
the opposite variation with the addition of MG (30 wt %). The EP/MG composite (10 wt % MG) with a
particle size of 8.697 µm revealed the lowest specific wear rate compared with other specimens, thus
providing the best wear resistance. As for other composites, inappropriate particles were agglomerates,
which led to high roughness and drastic abrasive wear, according to research on hexagonal boron
nitride [5]. Then aggregate abrasive particles were dug out and the matrix was desquamated, which
increased the specific wear rate.
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3.2.3. Wear Mechanisms

In order to study the wear mechanism of composites, we analyzed the morphology of the worn
surface. As represented in Figure 11, various cracks formed on the surfaces of neat epoxy and
the EP/MG composite. The cracks were perpendicular to the sliding direction, resulting from the brittle
character of EP under loading. The varying degrees of surface fluctuation were attributed to adhesion
of epoxy to the surface of the Si3N4 ball, consequent plastic deformation, and separation of epoxy debris
by friction. The surface fluctuation of the composite was slighter than EP, as shown in Figure 11a,b.
Compared with pure EP, a large number of wear debris appeared near the crack of the composite
surface, which was caused by abscission of garnet (Figure 11b). This result was due to the weak wear
resistance of the resin and decreased bonding of particles to the matrix [39]. Numerous microcracks
were present in the composite surface, as shown in Figure 11d. Microcracks can be conducive to
reducing the specific wear rate, because they can absorb impact energy when separating the epoxy.
Additionally, MG could resist the spread of the crack, as shown in the rectangle in Figure 11d, because
the cracks were deflected and dissipated when they encountered MG particles. Figure 12 shows visible
cracks of composites, which were mainly caused by digging out of agglomeration of MG particles.
This result indicated that the agglomeration of particles would cause a severe destruction of EP [45].

SEM-EDS images of the wear debris on the worn surface are shown in Figure 13. There were C, O,
Si, and Ca elements in the wear debris, indicating that the wear debris was the composite that broke off
from the surface. Therefore, it was speculated that MG particles were wrapped in resin and were dug
out from the surface during friction, which indicates the strong bonding between particles and epoxy.
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4. Conclusions

In the present paper, the preparation and tribological properties of EP composite filled with
MG particles with different contents and particle sizes were systematically researched at constant
parameters. The contact angle in water and benzene were significantly improved with surface
modification by sodium stearate, reaching 135◦ and 37◦, respectively. The surface area of garnet
also increased, from 1.444 to 6.228 m2/g, through surface modification. The results prove that
the hydrophilic surface properties of garnet became extremely hydrophobic. Surface modification
greatly improves the dispersion of garnet in epoxy. According to the results of the wear test,
the addition of MG to EP can effectively promote tribological properties. This condition indicates
that surface modification contributes to strengthening interfacial interactions between microparticles
and matrix resin. The EP/MG composite containing 10 wt % MG with a particle size of 11.300 µm
exhibited the best tribological properties compared with neat EP and other composites. This composite
presented the lowest coefficient of friction and specific wear rate. Both particle size and content of MG
affect the tribological properties of EP/MG composite. EP/MG composites with different MG contents
can decrease the coefficient of friction. However, only systems with appropriate content (10 wt %) and
particle size (8.697 and 11.300 µm) exhibit an improvement of wear resistance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/8/5/217/s1:
Figure S1. Variations of the coefficient of friction with sliding time for epoxy (EP)/modified garnet (MG)
composites and neat epoxy; Figure S2. Optical profiles of wear tracks on EP/MG composites and neat epoxy resin:
(a) 3D profile; (b) planform; and (c) line scan of the cross-profile.
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