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HIGHLIGHTS

® Graphene/epoxy nanocomposite was successfully prepared via in-situ polymerization.

® Aliphatic ether bonds were formed between graphene and epoxy resin matrix.

® The composite showed significantly improved mechanical properties and conductivity.
® Enhancement mechanisms are effective transfer of stress and bridging of graphene.
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Graphene/epoxy resin nanocomposites were prepared using an in-situ polymerization process, and their for-
mation mechanisms, microstructures, mechanical properties and electrical conductivity were characterized.
Results showed that graphene is well dispersed in the epoxy matrix, and covalent cross-links are formed between
graphene and epoxy matrix. Tensile strength and modulus of the graphene/epoxy composites were found to
increase firstly and then decrease with the increase of graphene loading contents. When the graphene content

was 0.3 wt%, tensile strength, tensile modulus and elongation were found to increase by 46.8%, 47.3% and
24.0% compared with those of pure epoxy resin. When the graphene content was 1.38 vol%, the conductivity of
the composite was 3.28 X 10~ *Sm ™! with a low percolation threshold of 0.47 vol%. Enhancement mechanisms
for the properties of composites were identified to be dispersion strengthening, effective transfer of stress and

bridging of graphene.

1. Introduction

Epoxy resin is one of the commonly used thermosetting resins for
wide-range applications including adhesives, insulation materials and
coatings in various fields such as electronics, electrical appliance and
aerospace industry due to its good mechanical properties, bonding
properties and chemical stability [1,2]. However, pure epoxy resin is an
insulator, which can accumulate static charges during its applications,
and severe electrostatic discharge can cause personal electric shock,
electronic device failure and even explosions in some extreme cases.
Therefore, it is crucial to modify the epoxy resin, for example, using
conductive nanofillers, to prevent this issue and simultaneously en-
hance its mechanical and physical properties [3,4].

Graphene, a mono-atomic layer consisting of sp> hybridized carbon
atoms [5], has received significant attention as the nanofillers due to its
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superior properties, such as electrical conductivity (~102Sm™?), ten-
sile strength (~130 GPa), Young's modulus (~1.0 TPa), thermal con-
ductivity (~5000W-m~“K™'), and large specific surface area
(~2600 m?/g) [6-8]. Adding tiny amounts of graphene as the filler can
significantly improve the performance of epoxy based composites [9].
For example, Li et al. [10] added 3 wt% of graphene nanosheets into the
epoxy, and the electrical conductivity of epoxy resin-based graphene
composites was 10>S/m, and the tensile strength was 78 MPa, sig-
nificantly higher than those of the pure epoxy resin (e.g., 13 orders of
magnitude improvement in conductivity and 20% in tensile strength).
Liu et al. [11] prepared a three-dimensional (3D) network structure of
composites using foamed graphene inside the epoxy resin. They re-
ported that when the amount of graphene was 5wt%, the electrical
conductivity of the composite was increased by 12 orders of magnitude,
up to a value of 107?S/m. The strong m-m interactions among the
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graphene sheets make them tend to be adsorbed or agglomerated in the
composite matrix [12]. Therefore, it is a critical issue to disperse the
graphene materials uniformly inside the polymer matrix.

The most commonly used method for improving the dispersibility of
graphene is to introduce chemical functional groups to modify the
surfaces of the graphene sheets. For example, Chen et al. [13] used poly
(2- butylaniline) (P2BA) as a dispersing agent and achieved a stable
dispersion of graphene in organic solvents via non-covalent st-rt inter-
actions between P2BA and graphene nanosheets. Yao et al. [14] re-
ported that a homogeneous dispersion of graphene nanosheets in the
epoxy can be obtained via chemical functionalization of graphene
oxides with 4-nitrobenzenediazonium salt. However, it should be
pointed out that many functional groups on the modified graphene will
influence the initiation and growth reactions of the matrix poly-
merization chains. It was also reported that with the appropriate pre-
paration methods such as in situ polymerization, graphene can achieve a
homogeneous dispersion in the polymer matrix [15-17].

Currently research on graphene/epoxy composites is mainly focused
on how to evenly distribute the graphene in the polymer matrix to
improve the conductivity and mechanical properties of the composites.
The two-phase interfaces in the composite material have an interfacial
layer with a considerable thickness, and due to this interfacial effect,
the reinforcement could be easily formed within the resin matrix. These
interfaces effectively prevent the propagation of cracks in the matrix, or
consume much more external energy for the crack's propagation [18].
Graphene has an atomic layer thickness and also an ultra-high specific
surface area, which is very effective in forming multiple interfaces [19].
Although there are many studies on the interfacial bonding strength
and mechanical behavior of the graphene-reinforced polymer compo-
sites, it is relatively less investigated for the interfacial microstructures
between the graphene and epoxy.

In this work, graphene/epoxy resin composites were prepared using
an in-situ polymerization method with graphene as the reinforcement
agency. The interfacial structures of graphene/epoxy were character-
ized, and tensile and electrical properties of the composites were tested.
Finally, the enhancement mechanisms of the composites were dis-
cussed.

2. Experimental
2.1. Raw materials

The graphene used in this work was prepared using a chemical re-
duction method which has been reported in our previous article [20].
Epoxy monomers (bisphenol A type, E-44) and curing agent (polyamide
resin, 650) were bought from Nantong Xingchen Material Synthesis Co.,
Ltd, China, with their key features listed in Table 1.

2.2. Preparation of composites

Fig. 1 illustrates the in-situ polymerization process to fabricate
graphene/epoxy resin nanocomposites. Firstly, epoxy monomer and
polyamide curing agent were mixed with a ratio of 2:1. Then the epoxy
resin monomer of 5 g was diluted with an excessive amount of absolute
ethyl alcohol for easy stirring. According to the total mass percentages
of epoxy monomer and curing agent, 0 wt%, 0.1 wt%, 0.3 wt%, 0.5 wt
%, 0.8 wt%, 1.0 wt%, 1.5 wt%, 2.0 wt%, and 2.5 wt% of graphene were
added into the absolute ethyl alcohol, and ultrasonically dispersed for
20 min. The so-formed graphene dispersion was mixed with the
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Fig. 1. Illustration of preparation process of graphene/epoxy nanocomposites.

prepared epoxy resin solvent, and further ultrasonically dispersed at
50 °C for 1 h. The mixture was placed in an oven and dried at 80 °C for
1h to volatilize the anhydrous ethanol, then was transferred into a
vacuum oven at 80 °C for 2 h to remove bubbles and remaining anhy-
drous ethanol. The polyamide resin was then added inside the prepared
epoxy, and the mixture was slowly stirred to prevent formation of air
bubbles. The prepared graphene/epoxy resin composite was cast in a
mold pre-coated with silicone oil, and the mold was placed in an oven
at 70 °C and cured for 8 h before the demolding process.

2.3. Characterization

Fourier-transform infrared spectroscopy (FTIR) was used to char-
acterize the epoxy resins before and after the graphene were added.
Based on the results obtained using a TENSOR 27 FT-IR spectrometer,
the functional group changes of the epoxy resin and the chemical bonds
between the graphene and the epoxy matrix were analyzed [21]. The
sample was ground into powders and mixed with KBr powder, then
pressed at 80 MPa before testing. The scan range of the wave number
was 4000 cm ™~ '-400 cm ~ ! with a resolution of 4 cm™®.

The force-distance curve of the indentation tests was obtained using
a Bruker Dimension FastScan atomic force microscope with an RTESPA-
525 probe. Mechanical properties of the nanocomposites were tested
using WEW-C universal testing machine. The size of tensile sample was
150 X 20 X 4 mm. Fracture morphology was observed using a TESCAN
VEG3XMU scanning electron microscope (SEM). The composites with
0 wt% ~ 0.8 wt% graphene were cut into a 50-nm-thick slice using a
cryo-ultramicrotome machine, and microstructures and distributions of
graphene inside epoxy resin were characterized using a high resolution
transmission electron microscope (HR-TEM, FEI-Talos F200X).

Electrical conductivity of the moderately conductive composites
(resistance value < 108Q) was measured using a VersaLab comprehen-
sive physical property measuring system. For the pure epoxy and
composites with a low conductivity value (e.g., resistance
value > 10°Q), the conductivity testing was performed using an ATI-
212 ultrahigh resistance meter. The sample to be tested was made into a
sheet form with an area of 10 X 10 mm and a thickness less than 2 mm.
The sheet resistance values were measured, and the resistivity value

Table 1

Key properties of commercial epoxy monomers.
Indicator Epoxy equivalent/eq Softening point/°C Room temperature viscosity/Pa-S Inorganic chlorine/ppm Volatiles/%
Data 210-244 15-23 6-10 <200 <1.0
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Fig. 2. (a) TEM image of raw graphene; (b) HR-TEM image of graphene; (c) FT-
IR spectra of graphene and graphene oxide; (d) Force-distance indentation
curve for graphene obtained from AFM analysis.

was calculated by multiplying the thickness of the sheet.

3. Results and discussion
3.1. Microstructures of graphene and graphene/epoxy resin composites

Fig. 2(a) shows a typical TEM image of graphene prepared using the
chemical reduction method [20]. It can be seen that the graphene
shows wrinkled structures which were caused by the removal of func-
tional groups during de-oxygenation process. Fig. 2(b) shows an HR-
TEM image of the graphene. The graphene sheet has a thickness of
about 2.3nm and a single layer of carbon atoms has a thickness of
0.35nm, which indicates that the graphene prepared is a few layer
thick [22]. Fig. 2(c) is an FT-IR spectrum of graphene. It can be seen
that the graphene sample retains some oxygen-containing functional
groups such as hydroxyl group, carboxyl group and epoxy group, re-
spectively, with a dominant hydroxyl group compared with the epoxy
group. Fig. 2(d) shows the force-distance curve of the graphene ob-
tained from the indentation test. The measured and calculated elastic
modulus of graphene layer is about 1.033 TPa.

Fig. 3 shows TEM images of the pure epoxy resin and the composite
with 0.5 wt% graphene. According to polymer matrix composite theory
[18], the curing reaction of the epoxy resin extends radially from the
center of the curing agent to its periphery, and as a result, a non-uni-
formly solidified structure with a dense center area and a less-dense
edge area is formed. The dense structure at the center area is often
called micelle. The features of these micro-micelles have a significant
contrast compared with the surrounding area in the TEM image of the
pure epoxy resin as shown in Fig. 3(a). The darker area in Fig. 3(a) is
the micro-micelles. It can be seen that the micro-micelles in the pure
epoxy resin are randomly distributed. In the TEM image of the com-
posite material, the background of micro-micelle and some black lines
can be observed (see Fig. 3(b), (c) and 3(d)). The black lines are the
images of the graphene sheet. The features are consistent with those of
graphene/polymer composite reported in literature [23,24]. The width
of the black lines in Fig. 3(d) was calculated to be about 2 nm, which is
near the thickness of prepared graphene. This also shows that the black
lines in Fig. 3(b)-(d) are multi-layered graphene. It can be seen from
Fig. 3 that the graphene sheets are curved and interconnected with each
other, indicating that the graphene is flexible and deformed/dispersed
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Fig. 3. (a) TEM image of pure epoxy resin; (b) to (d) TEM images of 0.5 wt%
Gr/EP at different magnifications; (e) HR-TEM of interfacial region between
graphene and epoxy; (f) TEM image showing the morphology of the graphene
sheet in the composite; inset is the SAED pattern of position.

in the epoxy resin.

The properties of polymer-based nanocomposites are significantly
affected by the dispersion and interfacial bonding of the nano-fillers
inside the polymer matrix. In Fig. 3(b) and (c), most graphene sheets
are uniformly distributed inside the matrix without any preferred or-
ientation. However, some of these sheets are agglomerated together,
which may affect the mechanical properties of the composites, and
these are closely linked with the tensile test results (which will be
discussed later). The white arrows in Fig. 3(c) indicate the graphene
agglomerates observed in the composite.

Fig. 3(e) is an HR-TEM image of the interface between graphene and
epoxy resin. The interfacial layer is dense without apparent voids, in-
dicating that the matrix has a good wetting property with the surface of
graphene. This is because the surface tension of the graphene (129 dyn/
cm [25]) is higher than that of the epoxy resin (43 dyn/cm [26]), and
the interfacial region forms a dense layer. In the curing processes of the
composite, the micro-micelles tend to be arranged in an aligned pattern
due to the action of the surface molecules of the graphene, thereby
changing the microstructure and density of the interfacial layer. Com-
pared to Fig. 3(a) and (e) shows that the micro-micelles near the gra-
phene region tend to be highly aligned.

Fig. 3(f) shows the planar morphology of the graphene sheet in the
composite material. The graphene sheet is folded inside the epoxy resin
matrix and the layer is quite thick, showing its agglomerated pattern.
Fig. 3(f) also shows the selected area electron diffraction pattern at
position 1 in Fig. 3(f), which is a typical hexagonal diffraction pattern.
This verifies the presence of graphene at this location, which has also
been widely reported in literature [27-29].

Based on the TEM observation, the graphene has been well dis-
persed in the epoxy resin matrix. Because they were chemically cross-
linked using the aliphatic ethers (Fig. 4(b)), the chemical interactions
between the graphene and the epoxy resin has been enhanced.

3.2. FT-IR spectroscopy analysis

Fig. 4(a) shows the FT-IR spectra of the epoxy resin before and after
adding the graphene. It can be found that the epoxy resin after adding
the graphene shows a new absorption peak at 1136 cm ™' compared
with that of pure epoxy resin. Based on literature [30-33], this peak
corresponds to the C—O stretching vibration mode of the aliphatic
ether, indicating that there are aliphatic ethers existed in the composite
material. In the in-situ polymerization process, the hydroxyl groups on
the graphene react with the epoxy group on the epoxy monomer under
the catalytic enhancement of the polyamine in the curing agent [34],
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Fig. 4. (a) FT-IR spectra of the pure epoxy resin and 0.5 wt% nanocomposite;
(b) reaction diagram of the in-situ polymerization process, in which the blue
lines represent aliphatic ethers.

thus the aliphatic ether was formed, which can strongly bond the gra-
phene and epoxy matrix. The detailed reaction process is illustrated in
Fig. 4(b).

3.3. Mechanical properties

Fig. 5(a) shows the stress-strain curves of the composites during
tensile testing with different mass fractions of graphene measured at
room temperature. Only a small amount of plastic deformation occurs
before the fracture of both the pure epoxy resin and the composites.
Tensile strength, elastic moduli and elongations before the fracture of
the composites with different graphene contents are shown in Figs. 5(b)
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Fig. 5. (a) Tensile stress-strain curves for pure epoxy and epoxy nanocompo-
sites; (b) to (c) tensile strength and elongation results for pure epoxy and na-
nocomposites; (d) comparison of theoretically predicted tensile moduli using
the Halpin-Tsai theory and the experimentally obtained data.
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and 5(c). As the content of graphene is increased, all the above data are
firstly increased but then decreased afterwards. When the graphene
loading is 0.3 wt%, the tensile strength and elastic modulus of the
composite reach their maximum values. The modulus was increased
from 1.82 GPa of the pure epoxy to 2.68 GPa of the composite (an in-
crement of 47.3%). The tensile strength was increased from 46.5 MPa
for the pure epoxy to 68.3 MPa for the composite (an increment of
46.8%). The elongation values of the composites were increased by
16.3% and 24.0%, compared with those of the pure epoxy resin, when
the content of graphene in the composite is 0.1% and 0.3%, respec-
tively. The existence of the optimum mechanical property of the com-
posites at a certain graphene concentration has been widely reported in
literature. For example, Zhang et al. [35] prepared graphene/epoxy
resin composites and the best mechanical properties of the composites
occurred at 0.3 wt% graphene. Ni et al. [36] prepared pyrolysis gra-
phene/epoxy resin composites, and the tensile strength was maximized
at a graphene concentration of 0.1 wt%.

Halpin-Tsai equation can be used to predict tensile moduli of the
composites, and it has been successfully used for a variety of composite
systems [37]. The Halpin-Tsai equations were modified for the gra-
phene/epoxy nanocomposite as follows [38,39]:

1+ Vi 1+ 29V}
Ee=(3 Vi s Vi B,
81-mnVy 81-nVy @
where the parameter 7 is given by:
= EilEn) = 1
Y (Ei/En) + & @
_ (Bi/Ew) —1
T (Be/Enm) + 2 3)

where E; is the longitudinal composite tensile modulus, E; is the
transverse composite tensile modulus, Ej; is the tensile modulus of the
EP, E; is the tensile modulus of the graphene, V;is the volume fraction
of graphene. The volume fraction V, can be expressed as follows:

- “r
@p + (/) = wy)

C)

where wy is the weight fraction of graphene, p is the graphene density,
and p,, is the matrix density. & is the filler shape factor, which can be
further expressed as:

W+ L))
t (5)

where L, W, and t represent the average length, width, and thickness of
the graphene. The density readings of the graphene and epoxy resin are
2.2g/cm® and 1.2g/cm® For this study, W= 2um, L =~ 3um,
t = 2.3nm, E; = 1.033 TPa. The calculated results of tensile moduli for
the composite materials are shown in Fig. 5(d). However, the Halpin-
Tsai theory does not consider the aggregation phenomena, thus it fails
to predict the moduli at higher loadings. At lower loadings, the ex-
perimental results are higher than those from the theoretical predic-
tions. This may be due to the fact that the chemical bonding between
graphene and the matrix further enhances the strength of the compo-
site.

Fig. 6 shows SEM photographs of facture surfaces of the pure epoxy
and the composite after the tensile test. It can be seen from Fig. 6(a)
that the fracture morphology of pure epoxy shows typical cleavage
patterns with a series of parallel steps on the fracture surface, which are
roughly aligned along the crack propagation direction. With 0.3 wt% of
graphene in the composite, the fracture morphology of the composite
was changed significantly. As is shown in Fig. 6(b), the surface shows
many bulges and fracture patterns, similar as tearing edges in a typical
quasi-cleavage fracture. Due to the superior mechanical properties of
graphene, during the fracture, the cracks will change their propagation
routes when they encounter the graphene layers. There is a good

§=2(
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Fig. 6. SEM image of the fractured surfaces of pure epoxy and epoxy nano-
composites: (a) pure epoxy; 10000 X ,(b) 0.3wt% graphene, 10000 X ; (c)
0.1 wt% graphene, 2000 X ; (d) 0.3 wt% graphene, 2000 x ; (f) 0.5 wt% gra-
phene, 2000 X ; (f) 0.8 wt% graphene, 2000 X .

covalent bonding between graphene and epoxy resin, and the graphene
could be pulled out from the matrix when it breaks, thus forming rough
fracture patterns on the surface. This is consistent with the tensile
properties of the composites that adding a small amount of graphene
improves the strength of the epoxy resin. Fig. 6(c)-6(f) show the facture
surfaces of graphene/epoxy resin composites with different graphene
fractions. When the content of graphene is increased up to a certain
value (e.g., 0.3 wt%), the fracture surface becomes very rough.

Based on the above results, if a small amount of graphene (e.g., less
than 0.3 wt%) is added in the matrix, serious agglomeration phenom-
enon will not happen, and graphene is generally distributed uniformly
in the matrix. Therefore, its 2D structure can effectively transfer the
applied stress and hinder the propagation of cracks. It can be seen from
the tensile test results shown in Fig. 5 that adding a small amount
graphene can increase the strength and plasticity of the composite,
which is similar to those reported in literature [14,35]. Simultaneously
the oxygen-containing functional groups on the graphene surface are
chemically bonded to the polymer matrix, thus forming a good inter-
facial bonding between the graphene and matrix. Under the external
stress, the epoxy resin among the graphene sheets will be deformed and
then broken, thus showing the rough fracture morphology (see
Fig. 6(b)). Based on these discussions, the fracture failure mechanism of
the composites is summarized in Fig. 7.

TEM images of graphene/epoxy nanocomposites with the different
graphene loadings are shown in Fig. 8 and Fig. 3(d). It is apparent from
the figure that as the graphene loading is increased, the number of
black lines in the corresponding TEM image of the composites is

Epoxy Unforced

[l
Yy
1

—
{

Epoxy fracture

Graphene

F

F <

Fig. 7. lllustration of fracture failure mechanisms of graphene/epoxy compo-
sites.(Graphene transfer stress causes deformation and fracture of epoxy resin
due to good interfacial bonding between the graphene and matrix.)
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Fig. 8. TEM images of graphene/epoxy nanocomposites in different loadings;
(a) 0.1 wt% graphene,(b) 0.3 wt% graphene,(c) to (d) 0.8 wt% graphene,(e) HR-
TEM of graphene/epoxy nanocomposites loading of 0.8 wt%.

increased (see Fig. 8(a)-8(c) and Fig. 3(d)). When the graphene loading
is increased to 0.8 wt%, in some areas the graphene is uniformly dis-
tributed (Fig. 8(c)), whereas in other areas, there are severely ag-
glomerated structures observed (Fig. 8(d)). From the HR-TEM image of
the agglomerated structure shown in Fig. 8(e), the lattice fringes of
(001) crystal plane for the graphene can be clearly seen, and a large
amount of graphene is agglomerated in this region. The local stress
concentration generated in this area of the composite leads to the
premature fracture under an external stress. It can be seen from Fig. 5
(b) and 5(c) that the strength and plasticity of the composite material
are significantly reduced when the graphene content in the composite is
larger than 0.3 wt%.

3.4. Conductivity analysis

The plots of conductivity readings versus filler content for the epoxy
nanocomposites filled with graphene is shown in Fig. 9. It can be seen
that the composite exhibits a percolation phenomenon [40], which will
be explained as follows. When the graphene content is low (e.g.,
=<0.20vol%), the conductivity is only increased slightly with the vo-
lume fraction of the filler. However, when the volume fraction of gra-
phene is increased from 0.20% to 0.63%, the graphene/epoxy nano-
composite has a dramatic transition from an insulator into a

<1V ~0.423 Vol.%
=1.95

Logo,

-3.0
Log(V V)
1 L 1 L 1 L 1 L 1

0.0 0.4 0.8 1.2 1.6
Volume Fraction of Gr,V¢ (vol.%)

=35

Electrical Conductivity,c_(S/m)

10"

Fig. 9. The electrical conductivity versus conductive filler content for gra-
phene/epoxy nanocomposites. The inset shows a double-logarithmic plot of
electrical conductivity versus (V¢V,). Red lines correspond to the least square
fitting of the experimental data.
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semiconductor. Whereas the conductivity of the composite after adding
graphene of 1.0 vol% or more reaches a high value in a level of 10~ %S/
m. The electrical conductivity of the composites has clearly been in-
creased by seven orders of magnitude, which is good enough for being
used as an anti-static material or electromagnetic shielding material
[41].

According to the percolation threshold theory [42], the conductivity
of the polymer will be changed at a certain critical value as the content
of the conductive filler is further increased. At this critical content, the
conductive filler will form a conducting network inside the matrix to
enhance the conductive properties of the composite. Although a lower
amount of graphene (e.g., 0.3 wt%) dispersed in the matrix can effec-
tively improve the mechanical properties of the composite [21], the
graphene in the matrix at this low concentration cannot be effectively
and uniformly connected in a large area, therefore, the conductivity
values are not apparently improved.

The percolation threshold of graphene/epoxy composites can be
estimated using the percolation theory based on the following equation
[9,43,44]:

Vr =)

O = Ugr[m

I V> ®
where V; is the graphene's volume fraction and V, is the percolation
volume fraction, and o, and o, are the conductivity values of the
composite and the graphene, respectively. Moreover, t is the critical
power law exponent. As is shown in the inset of Fig. 9, the best fitting of
the experimental conductivity values to the log-log plots of the power
laws gives the readings of V.= 0.423vol% and t= 1.95. These
threshold values are much lower than those reported values for the
graphene/epoxy composites [45].

When the content of graphene is increased above 2.0 wt%, the
electrical conductivity of the composites has not been further increased.
When the content of graphene is further increased up to 3.0 wt%, it
even decreases slightly. From the cross-sectional TEM images of the
composites (see Fig. 8(e)), when the content of graphene is 0.8 wt%,
there are some agglomerates in the composite matrix. The agglomera-
tion of graphene in the non-conductive epoxy resin matrix will not
contribute much to the enhancement of conductivity. Therefore, the
reason for the decrease in the conductivity of composites with a large
graphene loading is mainly the agglomeration of graphene.

4. Conclusions

In this work, graphene/epoxy resin composites were prepared using
in-situ polymerization with graphene as the filler and E-44 epoxy resin
as the matrix. The following conclusions were obtained from this study:

(1) The hydroxyl groups on the surface of the graphene chemically
reacts with the epoxy matrix and forms aliphatic ether, and there
are covalent bonds formed between the graphene and the epoxy
resin matrix. The interaction between the graphene and the matrix
allows the graphene to be uniformly dispersed in the epoxy matrix.

(2) With the increase of graphene mass fraction, the mechanical

properties of graphene/epoxy resin composites increase initially but

then decrease. When the amount of graphene loading is 0.3 wt%,
the composite material has the best mechanical properties.

Compared with pure epoxy resin, its tensile strength, elastic mod-

ulus and elongation at break are increased by 46.8%, 47.3% and

24.0%, respectively. The improvement of the mechanical properties

of composites is due to the dispersion strengthening and effective

transfer of stress due to the graphene.

The addition of graphene enhances the electrical conductivity of the

composite. When the content of graphene is 1.38 vol%, the elec-

trical conductivity of the composite is increased by seven orders of
magnitude compared to the pure epoxy resin, reaching a maximum

3

—
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value of 3.28 X 10™*S/m with a low percolation threshold of
0.47 vol%.
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