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Abstract: The effects of the wet milling rotating speed on the number of graphene layers and graphene
quality, and the conversion efficiency of graphite exfoliate to graphene, were investigated by scanning
electron microscopy (SEM), high resolution transmission electron microscopy (HRTEM), Raman
spectroscopy, Fourier transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD). The
results show that the number of few-layer graphene nanometer sheets (GNSs) (≤10 layers) gradually
increases with the increase of rotational speed in the range of 160–240 rpm. The proportion of GNSs
with 0–10 layers reaches more than 80% as the rotational speed is increased to 280 rpm. GNS defect
types in the composite materials are marginal defects with minimal influence and almost no oxidation.
In the range of 160–280 rpm, the intensity of graphite peak decreases and the conversion efficiency of
graphene increases with the increase of rotational speed. This is the same as the experimental result
obtained by HRTEM.

Keywords: graphene; composites; core–shell structure; milling

1. Introduction

Currently, graphene has great potential applications and is widely used in aerospace,
electronics, energy, structural and mechanical engineering, environment, medicine, and
packaging applications. The nano-graphene core-shell structure is an important research
direction for the comprehensive performance and multiple functions of composite
materials [1].

At present, the solid lubricant fillers used frequently mainly include graphite, carbon
nanotubes, and graphene, but they have the disadvantages of low hardness and toughness.
By combining solid lubricant with hard ceramic materials, the defects of low toughness
and low thermal conductivity of ceramic particles can be remedied so that the lubricat-
ing effect of soft particles and the strengthening effect of hard particles can play a role
together [2]. The wrapping of graphene nanosheets (GNSs) and nanomaterials can effec-
tively prevent the polymerization of nanomaterials and broaden the application range
of ceramic materials. Fadavi et al. found that graphene can promote the engulfment of
silicon carbide (SiC) nanoparticles during the solidification process of A357, SiC–GNSs
aluminum matrix composites and, consequently, both the toughness and strength were en-
hanced [3]. Zhang et al. found that sintering graphene-wrapped SiC core-shell-structured
nanoparticles with aluminum-based composite materials can promote the dispersion of
SiC nanoparticles. At the same time, it greatly improves the wear resistance, strength,
and toughness of aluminum-based composites [4]. This also demonstrates that graphene-
wrapped nanoparticles can improve many properties of metal matrix composites. At
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present, the methods for preparing graphene-wrapped composite materials mainly include
electrostatic self-assembly method [5], aerosol phase method [6], hydrothermal synthe-
sis [7], and emulsification method [8]. However, these methods require complex production
process, reagent hazard, and high cost of production. Li et al. used silicon carbide (SiC)
powder with B4C as a sintering aid, added 0–5.0 wt.% GNSs as experimental raw materials,
and sintered at 2130 ◦C for 1 h without pressure to prepare GNSs/SiC composites [9].
Tang et al. studied graphene-wrapped Al–SiC-reinforced composites through finite ele-
ment simulation methods. The experimental results show that the contribution of graphene
flakes to thermal mismatch and Orowan strengthening mechanism is greater than the use
of wrapped graphene [10]. When the particle size of the strengthening phase is smaller, the
enhancement effect of the wrapped graphene is better, which is reflected in the theory of
fine-grain-strengthening mechanism. Luo et al. used laser-assisted growth to prepare the
core-shell SiC/GNSs nanocomposite growth process and finally formed a graphene shell
(1–3 layers) around the SiC [11]. However, this method requires the use of a high-power
laser to generate extreme non-equilibrium states such as ultra-high temperature (>104 K)
and ultra-high pressure (>1 GPa) near the interface of the material. For the research of such
a system of inherent nanostructure, Goyenola et al. used DFT to simulate the synthesis
and growth of FL sulfocarbide (CSx) under CmSn (m, n ≤ 2) conditions [12]. Gueorguiev
et al. calculated the infrared spectrum of metcars X8C12 in the gas phase measured by the
infrared resonance enhanced multiphoton ionization technique with X = V, Nb, Zr based
on first principles [13]. Wang et al. [14,15] and Gai et al. [16] developed a new method for
graphene exfoliation by combining ultrasound and shear in supercritical CO2 to prepare
graphene and one-dimensional graphite nanoscrolls. This study shows that graphene
can be effectively obtained by mechanically shearing and exfoliating graphite in a certain
medium. Ouyang et al. used plasma-assisted dry ball milling to promote the exfoliation
of graphite and reduce its disorder [17]. Gorrasi et al. widely used ball milling to prepare
composites materials with nanofillers in polymetric matrices [18]. Zhang et al. developed
a one-step synthesis method of graphene-wrapped nanocomposites by adding liquid as
a process control agent for ball milling [19]. Compared with other methods, this method
is simple, does not involve dangerous reagents, and does not need high temperature and
high pressure and other extreme conditions. More importantly, the production cost is lower.
The advantage of this method is that the liquid phase can be used as a process control agent
to reduce the influence of temperature in the ball milling process, and the nanoparticles can
be effectively dispersed to make the wrapping effect more uniform. Most importantly, the
impact force between the graphite and the milling ball can be converted into shear force
so that the shear force becomes the dominant force, which is more conducive to graphene
peeling. Based on the experience brought by this experiment and this method, it is a
problem worth exploring and discussing to change the ball milling speed and explore the
influence of the rotational speed on the number of graphene layers, wrapping conditions
and graphene quality [20]. At present, there is no relevant research on the preparation
of graphene-wrapped SiC core-shell nanoparticles under wet milling media at different
rotational speeds. This study can provide valuable experience for related research.

In this paper, graphene-wrapped SiC nanocomposites were synthesized by wet milling
method using graphite and SiC as raw materials [21]. The effect of the rotational speed on
the number of graphene layers, graphene quality, and conversion efficiency of graphene
was analyzed.

This article is divided into three parts: introduction, materials and methods, and
results. The introduction mainly collects the related research on graphene-wrapped com-
posite materials in recent years and puts forward the research purpose of this article. The
material and method part mainly explains the initial materials and specific steps of the
experiment, and introduces the role of the relevant instruments in the experiment and
specific parameters. The results part mainly summarizes and discusses the experimental
results of SEM, HRTEM, Raman spectroscopy, FTIR, and XRD.
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2. Materials and Methods
2.1. Experimental Materials

The size of graphite flakes is about 10 µm, and for SiC nanoparticles, is about 50 nm.
A silicon nitride (Si3N4) milling ball was used as milling medium with a diameter of 5 mm,
and the process control agent is ethanol and distilled water.

2.2. Experimental Method

1. The total weight of SiC nanoparticles and graphite flakes is 10 g, and the volume
fraction of graphite flakes is 16.7%. The total mass of Si3N4 milling balls is 300 g. The
mixed powder and milling balls were placed in a 500 mL Si3N4 milling jar at the
same time.

2. Ethanol (40 mL) and distilled water solution (volume ratio = 7:3) are added to the
milling jar as an abrasive medium or process control agent.

3. The milling jar is clamped in the planetary ball mill with the clamping fixture, and
the machine cover is covered. The rotating speed is set at 160 rpm, and the milling
time is 50 h.

4. When the wet ball milling is finished, the powder is dried in a vacuum drying oven
and then tested.

5. The rotational speed of the ball mill is adjusted to 200, 240, and 280 rpm, and the
above steps repeated for the experiment.

2.3. Experimental Equipment

Graphene-wrapped SiC core-shell nanoparticles were synthesized using a planetary
ball mill (Retsch PM100, Verder Group, Haan, Germany) at 220 V voltage and 16 A current
in one step. The movement mode of the planetary ball mill is different from that of the
ordinary ball mill. Figure 1 shows the set-up of the planetary ball mill. The planetary
ball mill is rotating and revolving at the same time, and the direction of movement is
opposite. The whole system is composed of milling jar and its symmetrical counterweight,
and rotating base [22]. In a milling process, the milling jar rotates in the direction of 1©,
where the rotating base driven by the rotor moves in the opposite direction 3©. The milling
balls run down along the jar’s wall and impact the wall as shown in the direction 2©. When
the other parameters are the same, changing the speed of the ball mill will cause three
different motion states in the milling jar, namely, the drop type, throw type, and centrifugal
type [23]. Among them, the drop type movement is mainly milling, and the impact is
supplemented. The impact capacity of the throw type is larger than that of the dropping
type milling medium, but the presence of process control agent can transform the impact
force that is not conducive to milling into the shear force that is beneficial to milling [24].
The centrifugal type has less milling effect than the first two types of motion. The lower
rotational speed can make the milling medium in a dropping or throwing mode, which is
more conducive to the full milling of composite materials.

As shown in Figure 2, in the process of wet ball milling to exfoliate the graphite layer,
there are two main changes in the three-dimensional structure of graphite: one is the
layer-by-layer peeling of graphite; the other is the interlayer fracture of the graphite [25].
The impact force is transformed into a shear force to make the graphite flakes exfoliate
without damage with lower rotational speed. On the contrary, the impact force is large
with high rotational speed, resulting in the graphite layer be crushed and refined at its
fragile point, and the phenomenon of lateral fracture occurs. Zhao et al. found the shear
force provided by 80 and 100 rpm was greater than that of 120 rpm using EDEM simulation
software to simulate the ball milling experiments [26]. However, the time proportion of the
torque received by the milling ball increases with the rotational speed.
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The powder after wet ball milling is dried in a vacuum drying oven (DZF-6050, Ke-
beter, Beijing, China). The initial materials before ball milling and the surface morphology
of the composites after ball milling were observed by high resolution scanning electron
microscope (SEM, Zeiss-IGMA HD, Jena, Germany) at 5 kV voltage. The dispersion of
graphene-wrapped SiC core-shell nanoparticles and the number of graphene layers at
different rotational speeds were observed by high resolution transmission electron micro-
scope (HRTEM, JM-2100, NEC, Tokyo, Japan) at 200 kV. For the detection of the conversion
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efficiency of graphite exfoliation to graphene, the X’Pert Powder X-ray diffractometer
(XRD, X’Pert Powder, PANalytical, Beijing, China) was used to conduct qualitative and
quantitative analysis of the composite material within the range of 2θ from 10–80◦. The
defect types and sizes of carbon-related materials were evaluated by Raman spectrometer
(Xplora Plus, HORIBA, Shanghai, China) in the spectral range of 1000–2000 cm−1. The
chemical bonds and functional groups of the composites were detected using a Fourier
transform infrared spectrometer (FTIR, Nicolet iS10, THERMO, Massachusetts, MS, USA)
in the spectrum range of 750–4000 cm−1, which provided a favorable basis for the quality
detection of graphene.

3. Results
3.1. Surface Morphology of Composite Material before and after Ball Milling

Figure 3 shows the SEM morphology of graphite flakes and SiC nanoparticles of
the initial material. Figure 3a shows graphite flakes, most of which have particle sizes
about 10 µm. The SiC nanoparticles in Figure 3b have spontaneous agglomeration. Due
to the large specific surface area of SiC nanoparticles, excessive surface energy is gen-
erated, making it tend to change to a low energy surface area state under the action of
surface tension.
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Figure 4 shows the SEM morphology of graphene-wrapped SiC nanoparticles ran-
domly selected after wet ball milling at different speeds. By observing the composites
milled at different speeds, it is found that the graphite flakes are obviously thinner and
exfoliated into GNSs layer by layer, which are light gray translucent and evenly dispersed
in SiC nanoparticles. As the rotation speed increases, GNSs become smaller and thinner.
Among them, the GNSs in Figure 4d are thinner and smaller than that of the low speed.

3.2. Dispersion of GNSs and SiC in the Liquid Phase

The HRTEM morphologies of graphene-wrapped SiC nanoparticles at 160 and 280 rpm
were observed (magnified about 500,000 times) as shown in Figure 5. It can be seen from
this figure that the graphene layer is uniformly dispersed around the SiC nanoparticles, so
the composite material has great dispersibility at different rotational speeds. This is mainly
due to the fact that the dispersibility of SiC nanoparticles in 70% alcohol and 30% distilled
water solution is superior to that of other mixed solutions [19]. Therefore, GNSs and SiC
nanoparticles fully contact under the depolymerization effect of wet ball milling, which
promotes the formation of graphene-wrapped SiC core-shell structure.
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3.3. The Influence of Different Rotational Speeds on the Number of Graphene Layers
3.3.1. The exfoliation of GNSs in the Presence of SiC Nanoparticles

As shown in Figure 6, the HRTEM (approximately 106 times magnification) morphol-
ogy of graphene-wrapped SiC nanoparticles at different speeds were randomly selected.
From this figure, the graphene-wrapped SiC core-shell nanoparticle microstructure can
be seen clearly. Single-layer graphene thickness is 0.335 nm and the number of layers of
multilayer graphene can be calculated by HRTEM. It can be seen from Figure 6a that most
of the few-layer graphenes have 5–10 layers, and those with more than 10 layers of GNSs
account for a large proportion. In Figure 6b, the few-layer graphene is mainly composed of
0–5 layers, and those with thick GNSs are significantly reduced. In Figure 6c, the GNSs of
0–5 layers occupy an absolute proportion, and there will still be a small amount of thick
GNSs. In Figure 6d, almost all GNSs are less than 5 layers, and the probability of core-shell
structure is the highest.

Rafael Tadmor deduced the mathematical expression of the interaction energy between
macroscopic objects with common geometric shapes by establishing the London–van der
Waals interaction energy among different geometries [27], which provided a basis for the
energy transfer of graphite flakes by ball milling. Figure 7 shows the energy model of the
London–van der Waals model between two parallel slices.
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This model can be compared to the graphite flakes and single-layer graphene in this
experiment. When the shear force between the graphite flakes given by the milling ball
is greater than the van der Waals force between the graphite flakes, the graphene will
exfoliate from the graphite flakes. The calculation formula is as follows [27]:

EA = − A
12π

[
1
d2 +

1

(d + h1 + h2)
2 −

1

(d + h1)
2 −

1

(d + h2)
2

]
(1)

where A is the Hamaker constant (2.38 × 10−19 j).
Most of the graphite flakes used in this experiment are 10 µm, which was set as the

thickness of h1, h2 is the thickness of single-layer graphene at 0.335 nm, and d is the distance
between two graphite layers at 0.335 nm. The calculation shows that the energy required
to exfoliate a single layer of graphene from the graphite flake is 4.2 × 10−13 j. According to
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this method, the energy required for exfoliate 10 layers (3.35 nm) and 20 layers (6.7 nm)
can be calculated.

The energy transfer from the milling ball to graphene was evaluated with the increase
of ball milling speed. The calculation formula is as follows [28]:

4 E =
π

12
· ρmm · dmm

3 ·
(

v2
mm1 − v2

mm2

)
·
(

1 +
YP

YMM

)
(2)

where: ρmm—The density of Si3N4 milling ball is 3100 kg/m3;
dmm—The diameter of the milling ball is 5 mm;
vmm1—The tangential velocity vmm1 of the faster milling media is 0.85 m/s;
vmm2—The tangential velocity vmm1 of the slower milling media is 0.425 m/s;
YP—The Young’s modulus of the final product is 230 GPa;
Ymm—The Young’s modulus of the milling media is 388 GPa.
The energy provided by the milling medium is 9.67 × 10−8 j, which is enough to

exfoliate all sizes of graphite into graphene. While ensuring that the structure of the
graphite flake is not destroyed, as the speed of the ball milling increases, the tangential
speed of the milling media is also constantly increasing. Therefore, the energy transferred
from the milling media to the graphene is also increasing. When the ball milling speed is
faster, the graphene will be exfoliated into fewer layers.

3.3.2. Distribution of Graphene Layers at Different Speeds

The thickness of the produced GNSs was estimated from the number of layers of the
GNSs in their TEM images. The layer number distribution of GNSs was obtained from
40 random HRTEM images, either standing alone or wrapping nanoparticle. As shown
in Figure 8a, when the rotational speed is 160 rpm, about 60% of GNSs have 10–20 layers,
and the proportion of GNSs with 0–10 layers is relatively small. At this speed, the impact
provided by the milling balls and SiC nanoparticles is small, so the shear force converted by
the liquid phase is not enough to exfoliate more graphite flakes into GNSs with fewer layers.
As shown in Figure 8b, when the rotational speed is 200 rpm, the proportion of GNSs with
10–20 layers is reduced. Among them, compared with the former, the proportion of GNSs
with 10–15 layers is significantly reduced, while the proportion of GNSs with 5–10 layers is
increased from 29% to 41%. As shown in Figure 8c, when the rotational speed is 240 rpm,
the distribution of the number of layers is basically similar to that of 180 rpm. GNSs of
0–10 layers are significantly increased, and GNSs of 5–10 layers account for almost half of
the total. When the rotational speed reaches 280 rpm, as shown in Figure 8d, the GNSs of
0–10 layers account for more than 80%, of which the GNSs of 0–5 layers account for the
majority. This is mainly due to the increased rotational speed of the milling ball and SiC
nanoparticles providing more energy.

3.3.3. Formation of Core-Shell Structure

In the process of counting the number of graphene layers, it was found that the
number of GNSs that can be wrapped on SiC nanoparticles is often 7 layers or less, and
the thick GNSs are almost all scattered in the composite material. Shown in Figure 9 is
the schematic diagram of wrapping method of graphene on SiC nanoparticles. Through
theoretical analysis, it can be seen that the GNSs with fewer layers (≤7 layers) are thin and
tend to bend and roll [29], which directly promotes the in situ wrapping of graphene on SiC
nanoparticles. GNSs with more layers are thicker and more rigid and not easy to bend [30].
At this time, the wrapping method can only be superimposed by layers of GNSs to wrap
SiC nanoparticles around GNSs. In addition, most of the SiC nanoparticles are separately
wrapped, which is mainly due to the good dispersibility of GNSs and SiC nanoparticles in
ethanol–water solution [19].
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Figure 1. 1.Figure 9. Schematic diagram of wrapping method of graphene on SiC nanoparticles.
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The performance of graphene in tribological behavior is not only affected by the
number of layers, but also related to the types of defects in grapheme. Wang et al. used
molecular dynamics method to study the effect of vacancy defect and SW defect on the
friction force of graphene. Simulation results show that the friction on graphene with both
kinds of defects were obviously larger than perfect graphene in the defect regions, which
was attributed to the increasing energy dissipation resulted from the extended interface
barrier potential of graphene due to vacancy [31]. Therefore, it is of great significance to
study the defects and defect types of graphene [32,33].

3.4. The Influence of Different Rotational Speeds on the Quality of Graphene

Shown in Figure 10a is the Raman spectrum of the initial material graphite flakes.
Since pure graphite has almost no defects, no obvious D peak appears. Figure 10b shows
the Raman spectra of four composite materials at different rotational speeds. The three
peaks are D peak (1350 cm−1), G peak (1580 cm−1), and D’ peak (1620 cm−1) [34].
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Figure 1. 1.Figure 10. Raman spectra of graphite and composite materials at different speeds: (a) Raman
spectrum of the initial material graphite flakes; (b) Raman spectra of four composite materials at
different rotational speeds.

The vibration direction of the atom parallel to the plane of graphene is expressed as
(i), the vibration direction perpendicular to the plane of graphene is expressed as (O), the
vibration direction parallel to the direction of A–B carbon bond is expressed as longitudinal
(L), and the vibration direction perpendicular to the direction of A–B carbon bond is
expressed as (T). The in-plane vibration of sp2 carbon atom and its interaction with iTO
and iLO optical phonons promote the generation of G peak, which is a very rare Raman
scattering process in graphene. As the D peak and G’ peak of the second-order double
resonance Raman scattering process, iTO optical phonons will be generated under two
inelastic scattering between valleys. Among them, the D peak is related to the scattering
between iTO phonons and defect valleys, and the number is one. According to experience,
the appearance of the D peak is caused by the deviation of the lattice of the graphite flake
layer from the Brillouin zone, so the D peak reflects the defects of the graphene lattice.
The G peak is due to the in-plane vibration produced by the σ bond bonding of carbon
atoms [35].

The intensity ratio ID/IG is a recognized index for evaluating the strength of defects
in carbon-related materials [36,37]. As can be seen from Figure 10b, the ID/IG intensity
ratio of initial graphite is about 0.03, and the ID/IG intensity ratios in the experiments at
160, 200, 240, and 280 rpm are 0.41, 0.57, 0.59, and 0.68, respectively. Its value is much
lower than that of the graphene prepared by redox method (ID/IG > 1) [38] and dry ball
milling (ID/IG > 1.5) [17]. From the experimental results of HRTEM, it can be seen that with
the increase of the rotational speed, the proportion of the few-layer graphene continues
to increase. Therefore, the increase of ID/IG strength is related to the gradual thinning
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and exfoliation of graphite flakes into graphene and the generation of defects. There is no
obvious D’ peak in the experiment with the rotational speed of 160 rpm. When the rotation
speed is increased to 200 rpm, a faint D’ peak appears, which is a small part of the G peak
and gradually increases with the increase of the rotational speed. According to the ratio of
ID/ID’, information about the nature of the defect can be obtained. The defect types can
be divided into sp3 hybridization-related defects (≤13), vacancy defects (≤7), and edge
defects (≤3.5) [39]. According to the calculation, the defect types are all edge defects that
have the least impact on the quality of graphene.

Figure 11 shows the initial material SiC nanoparticles and graphite flakes, and
graphene-wrapped SiC nanoparticles at different milling speeds measured in FTIR. There
is a weak C–O peak near 1086 cm−1, and there is no C=O, –OH stretching vibration peak,
and C–O–C vibration absorption peak related to graphene oxide [40,41]. Two strong peaks
appearing near the wave numbers of 2335 and 2365 cm−1 are the absorption peaks of CO2
in the air.
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3.5. The Influence of Different Rotational Speeds on the Conversion Efficiency of Graphite Exfoliate
to Graphene

Figure 12 shows the XRD test results of initial materials and graphene-wrapped SiC
nanoparticles at different ball milling speeds. The curve has a higher intensity diffraction
peak at 2θ = 26.5◦. According to the Bragg formula (2dsinθ = nλ), the distance between
crystal planes at (002) is about 0.34 nm, which indicates that this is the graphite peak. With
the increase in ball milling speed, the intensity of graphite peak gradually decreases and
the conversion rate of graphene gradually increases. This usually indicates that the size
of the thick graphite flakes is continuously reduced and exfoliated into thin GNSs, and it
is also consistent with the experimental results observed by HRTEM. With the increases
of rotational speed, the graphite peaks gradually broaden. This is usually related to the
thinning of the graphite flakes and the resulting defects [42]. The other peaks are all SiC
nanoparticles. When the rotational speed is 160–240 rpm, the peak value does not change
significantly. When the rotational speed is increased to 280 rpm, the peak intensity of SiC is
significantly reduced. This is due to the high rotational speed and the SiC nanoparticles
being ground into granules.
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It can be seen that the graphene conversion efficiency of the composites is very high
after 50 h milling. With the increase of milling speed, the conversion efficiency of graphene
increases gradually. At the same time, it can ensure the integrity of SiC nanoparticles to a
certain extent.

The conclusions obtained using SEM, HRTEM, Raman spectroscopy, FTIR, XRD, and
other characterization methods for graphene-wrapped SiC core-shell nanomaterials may be
equally applicable to other similar graphene-wrapped inherently nanostructure systems.

4. Conclusions

In this paper, the rational speed of the ball milling was changed by wet ball milling,
and the influence of different rational speeds on the number of graphene layers, quality,
and conversion efficiency was analyzed.

1. The results show that the graphene is well dispersed in SiC nanoparticles when
the ball milling speed is in the range of 160–280 rpm, and graphene-wrapped SiC
core-shell nanocomposites were synthesized.

2. With the increase in ball milling speed, the proportion of few-layer graphene (≤10 lay-
ers) increases. When the rotational speed is 160–240 rpm, the proportion of few-layer
graphene increases from 45% to about 70%. When the rotational speed is increased
to 280 rpm, the proportion of few-layer graphene increases to more than 80%. At
the same time, it is found that most of the GNSs wrapped on SiC nanoparticles are
≤7 layers.

3. When the rotational speed is 160–280 rpm, the obtained graphene has relatively small
defects, and the defect type is the edge defect that has the least impact on the quality of
the graphene and, at the same time, it is almost not oxidized. Therefore, the graphene
produced by wet ball milling has better quality.

4. With the rotational speed increases, the peak intensity of graphite gradually de-
creases and the conversion efficiency of graphene gradually increases. When the
rotational speed reaches 280 rpm, the conversion efficiency of graphene has reached
an ideal state.

5. The graphene-wrapped SiC core-shell nanocomposites prepared by wet ball milling
have high quality. When there are more graphene layers, the anti-friction ability and
self-lubricity are stronger. Therefore, in practical application, when the main purpose
of the required materials is to reduce friction and wear, a lower ball milling rotational
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speed can be selected. If the composite material is for the purpose of improving the
toughness, thermal conductivity, and optical properties, the ball milling rotational
speed can be appropriately increased.
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Abbreviations
GNSs graphene nanometer sheets
SiC silicon carbide
SEM scanning electron microscopy
HRTEM high resolution transmission electron microscopy
FTIR Fourier transform infrared spectroscopy
XRD X-ray diffraction
A Hamaker constant
h1 thickness of graphite sheet
h2 thickness of single-layer graphene
d distance between two graphite layers
ρmm density of Si3N4 milling ball
dmm The diameter of the milling ball
vmm1 tangential velocity vmm1 of the faster milling media
vmm2 tangential velocity vmm1 of the slower milling media
YP Young’s modulus of the final product
Ymm Young’s modulus of the milling media

References
1. Chen, J.J. Preparation and Properties of SiC-Based Multiphase Conductive Ceramics. Ph.D. Thesis, Shanghai Institute of Ceramics,

Shanghai, China, 2018.
2. Bao, J.W.; Wang, Y.W.; An, R.; Zhang, B.W.; Cheng, H.W.; Wang, F.C. The Effect of Interlayer Materials on Ceramic Damage in

SiC/Al Composite Structure. Materials 2020, 13, 3709. [CrossRef] [PubMed]
3. Fadavi Boostani, A.; Tahamtan, S.; Yazdani, S.; Khosroshahi, R.A.; Wei, D.; Sahamirad, H.; Zhang, X.M.; Jiang, Z.Y. Graphene

tweaking hamaker constant of SiC nanoparticles: A new horizon to solve the conflict between strengthening and toughening. Scr.
Mater. 2016, 118, 65–69. [CrossRef]

4. Zhang, J.S.; Yang, S.; Chen, Z.; Wu, H.; Zhao, J.; Jiang, Z.Y. Graphene encapsulated SiC nanoparticles as tribology-favoured
nanofillers in aluminium composite. Compos. Part B 2019, 162, 445–453. [CrossRef]

5. Chen, C.Y. Modification and Preparation of Lead Carbon Supercell. Master’s Thesis, Zhejiang University of Technology,
Hangzhou, China, 2014.

6. Li, W.; Zhang, Y.; Xu, Z.; Yang, A.; Meng, Q.; Zhang, G. Self-assembled graphene oxide microcapsules with adjustable permeability
and yolk-shell superstructures derived from atomized droplets. Chem. Commun. 2014, 50, 15867–15869. [CrossRef]

7. Chen, D.; Yi, R.; Chen, S.; Xu, T.; Gordin, M.L.; Lv, D.; Wang, D. Solvothermal synthesis of V2O5/graphene nanocomposites for
high performance lithium ion batteries. Mater. Sci. Eng. B 2014, 185, 7–12. [CrossRef]

8. Yoo, D.Y.; Tu, N.D.K.; Lee, S.J.; Lee, E.; Jeon, S.R.; Hwang, S.; Lim, H.S.; Kim, J.K.; Ju, B.K.; Kim, H.; et al. Graphene oxide
nanosheet wrapped white-emissive conjugated polymer nanoparticles. ACS Nano 2014, 8, 4248–4256. [CrossRef] [PubMed]

9. Li, Q.; Zhang, Y. Ehanced fracture toughness of pressureless-sintered SiC Ceramics by addition of graphene. J. Mater. Sci. Technol.
2016, 32, 633–636. [CrossRef]

http://doi.org/10.3390/ma13173709
http://www.ncbi.nlm.nih.gov/pubmed/32825780
http://doi.org/10.1016/j.scriptamat.2016.02.028
http://doi.org/10.1016/j.compositesb.2018.12.046
http://doi.org/10.1039/C4CC07734B
http://doi.org/10.1016/j.mseb.2014.01.015
http://doi.org/10.1021/nn4050968
http://www.ncbi.nlm.nih.gov/pubmed/24735191
http://doi.org/10.1016/j.jmst.2016.01.009


Materials 2021, 14, 944 16 of 17

10. Tang, X.C.; Meng, L.Y.; Zhan, J.M.; Jian, W.R.; Li, W.H.; Yao, X.H.; Han, Y.L. Strengthening effects of encapsulating graphene in sic
particle-reinforced al-matrix composites. Comput. Mater. Sci. 2018, 153, 275–281. [CrossRef]

11. Luo, T.; Chen, X.; Wang, L.; Wang, P.; Li, C.; Iqbal, S.; Cao, B. Ultrafast synthesis of SiC@graphene nanocomposites by one-step
laser induced fragmentation and decomposition. Ceram. Int. 2018, 44, 19028–19032. [CrossRef]

12. Goyenola, C.; Stafstrom, S.; Hultman, L.; Gueorgui, K. Structural Patterns Arising during Synthetic Growth of Fullerene-Like
Sulfocarbide. J. Phys. Chem. C 2012, 116, 21124–21132. [CrossRef]

13. Gueorguiev, G.K.; Pacheco, J.M. Shapes of cagelike metal carbide clusters: First-principles calculations. Phys. Rev. B 2003,
68, 10313–10317. [CrossRef]

14. Wang, W.; Gai, Y.; Song, N.; Xiao, D.; Tan, H.; Zhao, Y. Highly efficient production of graphene by an ultrasound coupled with a
shear mixer in supercritical CO2. Ind. Eng. Chem. Res. 2018, 57, 16701–16708. [CrossRef]

15. Wang, W.; Gai, Y.; Xiao, D.; Tan, H.; Zhao, Y. A facile and general approach for production of nanoscrolls with high-yield from
two-dimensional nanosheets. Sci. Rep.-UK 2018, 8, 15262.

16. Gai, Y.; Wang, W.; Xiao, D.; Tan, H.; Lin, M.; Zhao, Y. Reversible conversion between graphene nanosheets and graphene
nanoscrolls at room temperature. RSC Adv. 2018, 8, 9749–9753. [CrossRef]

17. Ouyang, L.; Guo, L.; Cai, W.; Ye, J.; Hu, R.; Liu, J.; Yang, L.; Zhu, M. Facile synthesis of Ge@FLG composites by plasma assisted
ball milling for lithium ion battery anodes. Mater. Chem. A 2014, 2, 11280–11285. [CrossRef]

18. Gorrasi, G.; Bugatti, V.; Milone, C.; Mastronardo, E.; Piperopoulos, E.; Iemmo, L.; Bartolomeo, A.D. Effect of temperature and
morphology on the electrical properties of pet/conductive nanofillers composites. Compos. Part B 2018, 135, 149–154. [CrossRef]

19. Zhang, J.S.; Yang, S.; Chen, Z.; Yan, Y.; Zhao, J.; Jiang, Z.Y. In situ synthesis of SiC-graphene core-shell nanoparticles using wet
ball milling. Ceram. Int. 2018, 44, 8283–8289. [CrossRef]

20. Zhao, J.; Liu, M.; Chang, J.X.; Shao, Y.L.; Liu, B.; Liu, R.Z. Controllable synthesis of SiC@Graphene core-shell nanoparticles via
fluidized bed chemical vapor deposition. J. Am. Ceram. Soc. 2020, 103, 5579–5585. [CrossRef]

21. Chen, C.; Han, X.C.; Shen, H.H.; Tan, Y.Q.; Zhang, H.B.; Qin, Y.; Peng, S.M. Preferentially oriented SiC/graphene composites for
enhanced mechanical and thermal properties. Ceram. Int. 2020, 46, 23173–23179. [CrossRef]

22. Alinejad, B.; Mahmoodi, K. Synthesis of graphene nanoflakes by milling natural graphite together with NaCl in a planetary ball
mill. Funct. Mater. Lett. 2017, 10, 3. [CrossRef]

23. Eva, N.; Genadijs, S.; Elvija, N.; Aleksandrs, K. Production of Foamed Concrete in a Planetary Ball Mill. Key Eng. Mater. 2020,
6003, 311–315.

24. Li, T. Discussion on the influence factors of ball milling efficiency. Ceramics 2019, 9, 63–68.
25. Li, Z.Y.; Wang, Y.; Cao, Y.C.; Meng, X.H.; Aamir, R.M.; Lu, W.B.; Suo, Y. Effects of loading rates on mode I interlaminar fracture

toughness of carbon/epoxy composite toughened by carbon nanotube films. Compos. Part B 2020, 200, 108270.
26. Zhao, M. Structure and experimental study of graphene prepared by mechanical method. Kunming Univ. Sci. Technol. 2018, 25–26.
27. Rafael, T. The London-van der Waals interaction energy between objects of various geometries. Phys. Condens. Matter 2001,

13, 195.
28. Kwade, A. Determination of the most important milling mechanism in stirred media mills by calculating stress intensity and

stress number. Powder Technol. 1999, 105, 382–388. [CrossRef]
29. Trzesowski, A. On the Isothermal Geometry of Corrugated Graphene Sheets. J. Geom. Phy. 2014, 36, 1–45.
30. Liu, Z.L.; Xue, Q.Z.; Xing, W. Self-assembly of C H-type hydrogenated graphene. Nanoscale 2013, 5, 11132–11138. [CrossRef]
31. Wang, Y.J.; Li, Z.X.; Bi, K.D.; Yang, J.K.; Chen, Y.F. Molecular dynamics study on the effect of defects on the friction properties of

graphene. J. Tribol. 2016, 5, 599–605.
32. Lin, Z.Y.; Ji, L.F.; Yan, T.Y.; Xu, Y.B.; Sun, Z.Y. Surface defects state analysis of laser induced graphene from 4H-SiC. J. Mater. Res.

Tech. 2020, 9, 5934–5941. [CrossRef]
33. Cao, A.; Shen, B.; Lin, Q.; Chen, S. Influence of Stone-Wales defect on graphene friction: Pinning effect and wrinkle modification.

Comp. Mater. Sci. 2020, 173, 109423. [CrossRef]
34. Zhou, Z.; Hu, Y.; Shan, X.Y.; Lu, X.H. Raman Spectrum of Epitaxial Graphene Grown on Ion Beam Illuminated 6H-SiC (0001).

Chin. Phys. Lett. 2014, 31, 126–129. [CrossRef]
35. Zhang, Z.; Zhang, Y. Application of Raman Spectroscopy in the Research of Two-dimensional Material Stereology. China Stereol.

Image Anal. 2020, 25, 93–100.
36. Eigler, S.; Grimm, S.; Enzelberger-Heim, M.; Mueller, P.; Hirsch, A. Graphene oxide: Efficiency of reducing agents. Chem. Commun.

2013, 49, 7391–7393. [CrossRef]
37. Lv, Y.; Yu, L.; Jiang, C.; Chen, S.; Nie, Z. Synthesis of graphene nanosheet powder with layer number control via a soluble

salt-assisted route. RSC Adv. 2014, 4, 13350–13354. [CrossRef]
38. Ma, X.; Qu, Q.; Zhao, Y.; Luo, Z.; Zhao, Y.; Ng, K.W. Graphene oxide wrapped gold nanoparticles for intracellular Raman imaging

and drug delivery. J. Mater. Chem. B 2013, 1, 6495–6500. [CrossRef] [PubMed]
39. Hao, H.H.; Liu, J.B.; Li, K.W.; Wang, H.; Yan, H. Research progress in characterization of graphene structure by Raman

spectroscopy. Mater. Eng. 2018, 46, 1–10.
40. Lim, S.Y.; Abdul Mutalib, M.S.; Khaza’ai, H.; Chang, S.K. Detection of fresh palm oil adulteration with recycled cooking oil using

fatty acid composition and FTIR spectral analysis. Int. J. Food Prop. 2018, 21, 2428–2451. [CrossRef]

http://doi.org/10.1016/j.commatsci.2018.07.003
http://doi.org/10.1016/j.ceramint.2018.07.046
http://doi.org/10.1021/jp307347t
http://doi.org/10.1103/PhysRevB.68.241401
http://doi.org/10.1021/acs.iecr.8b04113
http://doi.org/10.1039/C8RA00475G
http://doi.org/10.1039/C4TA01267D
http://doi.org/10.1016/j.compositesb.2017.10.020
http://doi.org/10.1016/j.ceramint.2018.02.012
http://doi.org/10.1111/jace.17284
http://doi.org/10.1016/j.ceramint.2020.06.097
http://doi.org/10.1142/S1793604717500473
http://doi.org/10.1016/S0032-5910(99)00162-X
http://doi.org/10.1039/c3nr03558a
http://doi.org/10.1016/j.jmrt.2020.03.120
http://doi.org/10.1016/j.commatsci.2019.109423
http://doi.org/10.1088/0256-307X/31/11/116801
http://doi.org/10.1039/c3cc43612h
http://doi.org/10.1039/c3ra45060k
http://doi.org/10.1039/c3tb21385d
http://www.ncbi.nlm.nih.gov/pubmed/32261325
http://doi.org/10.1080/10942912.2018.1522332


Materials 2021, 14, 944 17 of 17

41. Auge, M.; Haehnlein, B.; Eckstein, M.; Woltersdorf, G.; Pezoldt, J. High Temperature Grown Graphene on SiC Studied by Raman
and FTIR Spectroscopy. Mater. Sci. Forum. 2017, 897, 727–730. [CrossRef]

42. Zhang, L.H. Preparation, Characterization and Electrochemical Properties of Graphene. Master’s Thesis, Tianjin University,
Tianjin, China, 2012.

http://doi.org/10.4028/www.scientific.net/MSF.897.727

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Experimental Method 
	Experimental Equipment 

	Results 
	Surface Morphology of Composite Material before and after Ball Milling 
	Dispersion of GNSs and SiC in the Liquid Phase 
	The Influence of Different Rotational Speeds on the Number of Graphene Layers 
	The exfoliation of GNSs in the Presence of SiC Nanoparticles 
	Distribution of Graphene Layers at Different Speeds 
	Formation of Core-Shell Structure 

	The Influence of Different Rotational Speeds on the Quality of Graphene 
	The Influence of Different Rotational Speeds on the Conversion Efficiency of Graphite Exfoliate to Graphene 

	Conclusions 
	References

