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Graphene nanoplatelets (GNPs) are novel nano�llers possessing attractive characteristics, including robust compatibility with
most polymers, high absolute strength, and cost e�ectiveness. In this study, GNPs were used to reinforce epoxy composite and
epoxy/carbon �ber composite laminates to enhance their mechanical properties. 
e mechanical properties of GNPs/epoxy
nanocomposite, such as ultimate tensile strength and exure properties, were investigated. 
e fatigue life of epoxy/carbon �ber
composite laminate with GPs-added 0.25 wt% was increased over that of neat laminates at all levels of cyclic stress. Consequently,
signi�cant improvement in the mechanical properties of ultimate tensile strength, exure, and fatigue life was attained for these
epoxy resin composites and carbon �ber-reinforced epoxy composite laminates.

1. Introduction

Graphene nanoplatelets (GNPs) are a novel nano�llers
including single or multilayers of a graphite plane which pos-
sesses exceptional functionalities, high mechanical strength
(1 TPa in Young’s modulus and 130GPa in ultimate strength),
and chemical stability, for the following reasons: their abun-
dance in nature and thus their cost e�ectiveness and their
extremely high-speci�c surface area, which carries high levels
of transferring stress across interface and provides higher
reinforcement [1–8] than carbon nanotubes.

Graphene nanoplatelets (GNPs) are platelet-liked graph-
ite nanocrystals with multigraphene layers. In general, a
high contact area between polymer and nano�ller maximizes
stress transfer from polymer matrix to nano�llers. 
erefore,
GNPs can be expected to exhibit better reinforcement than
CNTs in polymer composites, due to their ultrahigh aspect
ratio (600–10,000) [9–13] and higher surface constant area.

e GNPs planar structure provides a 2D path for phonon
transport, and the ultrahigh surface area allows a large

surface contact area with polymer resulting in enhancement
of the composite thermal conductivity [14–16]. However,
the large surface area between GNPs which is NGP planar
nanosheets results in large Van der Waals forces and strong�-� interactions [17–19].
us, the performance of graphene-
based polymer composites is limited by the aggregation and
stacking of NGP sheets. Since the physicochemical properties
of aggregated GNPs are similar to those of graphite with its
relatively low-speci�c surface area, the performances ofGNPs
will su�er signi�cantly from reduced performance. 
is is
an important issue if NGP potential as a polymer composite
reinforcing materials is realized [20, 21].

Epoxy is widely applied in advanced carbon �ber rein-
force plastic (CFRP) due to their good mechanical perfor-
mance, process-ability, compatibility with most �bers, chem-
ical resistance, wear resistance, and low cost. However, these
materials are relatively brittle, which is detrimental to the
interlaminar properties between matrix and reinforcement.

e addition of CNTs or GNPs to improve the interfacial
strength of laminates has been demonstrated. Besides, the
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great potential to increase the mechanical properties of
thermoset resins and their �ber-reinforced composites as
using CNTs and GNPs as �llers.

To the best of our knowledge, very few studies have so far
been reported on the fabrication of graphene nanoplatelets
(GNPs) reinforced CFRP composites using manufacturing of
prepregs [22]. GNPs are di�cult to process because of the
issues associated with agglomeration and lack of interfacial
interactions with polymers. None of the previous studies,
nevertheless, have given due attention to the inuence of
adding GNPs on the solvent type prepreg process. 
erefore,
it is necessary to understand the role of adding GNPs into the
matrix material, which will largely a�ect the impregnation of
�bres and prepreg processing conditions.

In this study, various amounts of graphene nanoplatelets
(GNPs) were uniformly dispersed in epoxy resin (i.e., 0,
0.25, 0.5, 1, and 1.5 wt%) and prepared the GNPs/epoxy
nanocomposites. Mechanical properties of the nanocompos-
ite, including ultimate tensile, exural strength, and exural
modulus, were investigated.

In addition, the solution of epoxy resin that contained
highly and evenly dispersed GNPs permeated a carbon �ber
cloth was used to prepare the carbon �ber/epoxy composite
laminates. 
e process was used to investigate if GNPs
improved the tensile fatigue of carbon �ber reinforced epoxy
resin composite laminates.

Finally, 
e fracture surface of the specimen was inves-
tigated using scanning electron microscopy (SEM) to deter-
mine the dispersion of the GNPs in the composites.

2. Experimental

2.1. Preparation of GNPs/Epoxy Resin Solution. 
e unmod-
i�ed graphene nanoplatelets, GNPs (Xiamen Knano Gra-
phene Technology Co., Ltd., China) with a thickness of
5–25 nm were used for reinforcement in this study. 
e
GNPs/Methyl ethyl ketone (MEK) solution was stirred for
10 minutes using a homogenizer. 
e solution was then
vibrated by ultrasonication for 90minutes to enable theGNPs
to disperse uniformly throughout the methyl ethyl ketone
solution.


e GNPs/MEK solution was mixed with epoxy resin
(EPO-622EpoxyResin, EpotechCompositeCo., Ltd, Taiwan)
for 90minutes using amechanicalmixer and then vibrated by
ultrasonication for 90minutes to enable the GNPs to disperse
uniformly throughout the epoxy solution. A schematic illus-
tration of the fabrication of the GNPs/epoxy resin is shown
in Figure 1(a).

2.2. Preparation of GNPs/Epoxy Nanocomposites. 
e GNPs/
epoxy resin solution was placed in a vacuum heating oven
and vacuum pumping was performed for 5 minutes to
eliminate air bubbles. 
e resin solution was poured into
molds and then placed on a hot press machine to form the
GNPs/epoxy nanocomposites (pressed at 1500 psi and 150∘C
for 30 minutes). 
e nanocomposites were then placed in a
heating oven at 140∘C for 3 hours to eliminate the internal
stress (postcure). A schematic illustration of the fabrication
of the GNPs/epoxy nanocomposite is shown in Figure 1(b).

2.3. Preparation of GNPs/Epoxy/Carbon Fiber

Composite Laminates

2.3.1. Impregnation of Carbon Fiber Fabric with Epoxy
Resin (Prepreg). A piece of 3 k carbon �ber fabric of the
desired dimensions was placed on a release paper and the
GNPs/epoxy resin solution was evenly permeated on it. 
e
carbon �ber fabric with uniformly dispersed GNPs/epoxy
resin (prepreg) was then placed in a heating oven to expose
at 83∘C for three hours to evaporate all of the solvent.

2.3.2. Hot Press Molding and Postcuring. 
irteen pieces of
prepregs were piled in a mold and placed on a hot press
machine to prepare a GNPs/epoxy/carbon �ber composite
laminate (pressed at 1500 psi and 150∘C for 30mins). 
e
composite laminate was then placed in a heating oven at
140∘C for three hours to eliminate the internal stress of
laminate (post-cure) [23]. A schematic illustration of the
fabrication of the composite laminate is shown in Figure 1(c).

2.4. Experimental Process

2.4.1. Morphology of GNPs . 
emicrostructure of GNPs was
analyzed using transmission electronmicroscopy (TEM) and
�eld emission scanning electron microscopy (FESEM).

2.4.2. Experimental Process of GNPs/Epoxy Nanocomposites.
Graphene nanoplatelets (GNPs) reinforced epoxy composite
with four proportions of GNPs (i.e., 0.25, 0.5, 1, and 1.5 wt%)
were fabricated. 
e mechanical properties of the nanocom-
posites, such as ultimate tensile strength, exural strength,
and exural modulus, were investigated.


e fracture surface of the specimen was investigated
using SEM to determine the dispersion of the GNPs in the
nanocomposites.

2.4.3. Experimental Process of Composite Laminates. GNPs
reinforced epoxy/carbon �ber composite laminates with
0.25wt% GNPs added were fabricated. Tensile fatigue tests
were conducted in a load controlmode at a frequency of 4Hz.
As shown in Figure 2, the ratio of the minimum tomaximum
stress in a cycle was 0.1 (�-ratio = + 0.1). During the fatigue
life measurements, the specimens were subjected to cyclic
loading until the �nal fracture, at which point the specimen
was completely separated into three pieces.
e samples were
tested with four stress levels at 80%–95% of their static tensile
strength.


e fracture surface of the specimens was investigated
using SEM to determine if the GNPs would prevent the
formation of pores in the laminates andmakesGNPs e�ective
in delivering stress to improve the tensile fatigue of composite
laminates.

3. Results and Discussion

3.1. Morphology Analysis of GNPs. 
e TEM morphology of
theGNPs is shown in Figure 3(a); the SEMmorphology of the
GNPs is shown as a platelet shape with nanosheet dimensions
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Figure 1: A schematic illustration of the fabrication of composites: (a) GNPs/epoxy resin solution; (b) GNPs/epoxy nanocomposites; (c)
GNPs/CFRP composite laminates.

of more than 5 �m and thickness of approximately 5–25 nm;
as shown in Figure 3(b), the GNPs possess a large aspect
ratio, which is a central factor in enhancing the contact area
with the composite.
e TEM and SEM images also show the
surface morphology of GNPs, which is considerably di�erent
compared to carbon black, carbon nanotubes, and graphite.

e images indicate that the GNPs nanosheets are thin at
the nanoscale. However, SEM and TEM images showed that
GNPs aggregated to form bundles, because of Van der Waal
forces.

3.2. Tensile Strength of GNPs/Epoxy Nanocomposites.
Figure 4 and Table 1 show the ultimate tensile strength of the
nanocomposites without and with the four proportions of
GNPs contents. 
e tensile strength of the nanocomposite
with GNPs added at 0.25wt% shows the best enhancement
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Figure 2: Schematic diagram of tension-tension cyclic loading in
fatigue tests.
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Table 1: Mechanical properties of GNPs/epoxy nanocomposites.

Test item (unit)
GNPs contents (wt%)

0 0.25 0.5 1.0 1.5

TS (MPa) 54.89 66.00 (+20%) 61.11 (+11%) 55.59 (+1%) 51.82 (−6%)

FS (MPa) 105.89 115.46 (+9%) 107.07 (+1%) 104.48 (−1%) 96.54 (−9%)

FM (GPa) 2.22 2.49 (+12%) 2.50 (+12%) 2.53 (+14%) 2.63 (+19%)

GNPs/epoxy nanocomposites, TS: tensile strength, FS: exural strength, FM: exural modulus.

(a)

5–25nm

(b)

Figure 3: Morphology of GNPs. (a) TEM image; (b) SEM image.
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Figure 4: Tensile strength of GNPs/epoxy nanocomposites.

(20%) compared to the composite without any GNPs added.

e strength begins to degrade at the 0.5 wt% GNPs loading.


e mobility of polymer chains was restricted because
of the dispersion of nano�llers under low content. 
e high
aspect ratio, highmodulus, strength of nano�llers, and robust
interfacial adhesion between the nano�llers and matrix also
contributed to the reinforcement. However, the decrease in
strength with high nano�ller content can be attributed to
the following two e�ects. (1) nonuniform dispersion of the
nano�llers in higher loading systems, acoustic cavitation is
one parameter for nanoparticle dispersion under low content.
(2) Voids might also have decreased the strength. Choi et al.
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Figure 5: Flexural strength of GNPs/epoxy nanocomposites.

reported that few voids were produced during the fabrication
process and that voids increased with higher nanoparticle
content [24–26].

3.3. Flexure Test Analysis of GNPs/Epoxy Nanocomposites.
Figure 5 andTable 1 indicate that the exural strength of com-
posites without added GNPs is approximately 105.89MPa.

e exural strength of the GNPs-added reinforced compos-
ite was 9% higher at 115.46MPa composite without added
GNPs when the GNPs content was 0.25wt%.

However, the decrease of strength with higher GNPs
content (0.5 wt%) can be attributed to the following two



Journal of Nanomaterials 5

0.00 0.25 0.50 0.75 1.00 1.25 1.50

2.0

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

+19%

+14%
+12%

F
le

xu
ra

l m
o

d
u

lu
s 

(G
P

a)

GPs (wt%)

GNPs/epoxy nanocomposites

+12%

Figure 6: Flexural modulus of GNPs/epoxy nanocomposites.

e�ects: (1) the properties of GNPs rapidly devolve as sheets
aggregate, because aggregated sheets behave likemicrometer-
size �llers with relatively low surface area. (2) 
e GNPs
agglomerateswould form steric obstacles, restricting polymer
to ow into the agglomerates, and resulting in the formation
of holes and voids between GNPs and epoxy [27].

Moreover, Figure 6 andTable 1 show the exuralmodulus
measured from the exural test of GNPs/epoxy nanocom-
posites, which is plotted as a function of GNPs content. 
e
modulus grew rapidly with increasing GNPs content. When
the GNPs content increased to 1.5 wt%, the highest exural
moduluswas reached, and the enhancementwas increased by
19%. In general, the addition of nanoparticles (e.g., GNPs or
CNTs), which results in the decrement ofmobility of polymer
chains, gradually became brittle [28, 29] and increased the
modulus of the composite.


e aspect ratio of GNPs is an important factor for
micromechanical models like Halpin-Tsai model [30, 31] and
Mori-Tanaka model [32]. 
e Shear Lag Model [33] as given
by (1a), (1b), and (1c) has been used by Gao and Li [34] to
understand the reinforcing ability of nano�ller in polymer
composites in terms of their load transfer e�ciency:

�� = ��� [1 − (cos ℎ (2��/1)cos ℎ (�) )] , (1a)

�� = [ sin ℎ (2��/1)cos ℎ (�) ] , (1b)

where

� = [ 4���� ln��]
1/2

(1c)

�� is load transfer e�ciency, �� is the interfacial shear stress
along the �ller length, �� is �ller modulus, � is applied strain,� is the distance from the center of �ller,  is �ller aspect ratio,�� is shear modulus of the matrix, and �� is the �ller volume

fraction [35]. Based on the shear lag model, it can be stated
that high aspect ratio and high �ller modulus facilitate load
transfer in �llers [35, 36].

3.4. Fracture Surface of GNPs/Epoxy Nanocomposites. 
e
fracture surfaces of the neat epoxy composites (without
adding GNPs) and the GNP/epoxy nanocomposites were
comparatively examined using SEM. Neat epoxy resin com-
posites exhibited a relatively smooth fracture surface, and the
higher magni�cation SEM image in Figures 7(a) and 7(b)
indicates a smooth, mirror-like fracture surface representing
the brittle failure of the un�lled epoxy.

As GNPs content increased to 0.25 wt%, considerable
corrugation was found in the crevices among the matrix, as
shown in Figures 7(c) and 7(d). GNPs cross-linked in the
crevices in the corrugation area restrain creviced growth.
e
static mechanical properties can be enhanced because both
the corrugation and GNPs increase the interfacial fraction
between the GNPs and matrix.


e strength showed a decrease as GNPs content
increased to 0.5, 1, and 1.5 wt% because the GNPs aggregates
would sterically hinder polymer ow, thereby resulting in the
formation of defects, as shown in the insert image of Figures
7(e) and 7(f). For composites containing GNPs, the exis-
tence of holes suggests low adhesion and poor compatibility
between the GNPs and matrix, engendering a rapid decrease
in the strength of the composites. However, the aggregates
particles increased the sti�ness of the material and resulted
in an increase in the modulus of composites.

3.5. Tensile Fatigue of GNPs/Epoxy/Carbon Fiber Composite
Laminates. Table 2 presents the experimental results of the
fatigue test for the neat and 0.25wt% GNPs reinforced
epoxy/carbon �ber composite laminate.
e normalized (� =�max/TS, %) �-� curve for the neat and GNPs reinforced
composite laminates are shown in Figure 8.
e results reveal
that the fatigue life extended from 1.21 to 5.39 times that of the
neat composite laminate at 95% and 85% normalized (� =�max/TS, %) cyclic stress. At �max = 370MPa and 400MPa,
the durability of the composite laminate drastically improved
tomore than 15.30 to 37.07 timeswith the addition of 0.25wt%
GNPs, shown as Figure 9. Furthermore, the slopes of the�-� curves of the neat composite laminate were deeper than
those of the GNPs-added composite laminate, indicating that
the fatigue life of the neat laminate was more sensitive to
applied stress levels compared to the GNPs-added composite
laminate. 
e reason for the shi� of the �-� slope could be
that fractures occur earlier in the neat laminates at all cyclic
stresses.

Figures 10(a) and 10(b) illustrate the fracture surfaces of
composite laminates a�er fatigue failure using SEM. CFRP
composite laminates under loads lower than the overall static
tensile strength were less likely to fracture. Based on the
fracture surface observations, the fatigue performance of the
laminates was correlated to the formation and expansion
of the fatigue failures. Fractures are primarily produced by
delamination, which is caused by the interaction between the
carbon �ber layer and the resin. Consequent to delamination,
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Figure 7: (a), (b) Fracture surface of neat epoxy composite. (c), (d) Fracture surface of the 0.25wt% GNPs/epoxy nanocomposite. (e), (f)
Fracture surface of the 0.75 wt% GNPs/epoxy nanocomposite.

Table 2: Loading and life data for CFRP composite laminates with and without GNPs contents.

CFRP composite laminates

0wt% (without GNPs) 0.25 wt% (GNPs)

�
max

/TS �
max

(MPa) Number of cycles to failure �
max

/TS �
max

(MPa) Number of cycles to failure

100% 419.30 — 100% 446.38 —

95% 398.34 118 95% 413.61 190

90% 377.37 13071 92% 400.55 1877

85% 356.41 96574 90% 391.84 26000

82% 343.83 409975 85% 370.07 334635
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0.25 wt% GNPs contents.

stress is concentrated at the fracture site, which gradually
accelerates fracture of the carbon �bers and matrix, and
leads to the complete fracturing of the laminate surface.
Figure 10(a) illustrates a cross-sectional view of the neat
composite laminate with fatigue failure. Extracted carbon
�bers on the smooth facture surface are clearly observable,
implying that the adhesion between the carbon �bers and the
resin is weak. Consequently, the carbon �ber layers rapidly
disengaged from each other under cyclic loading, causing
severe delamination. Figure 10(b) illustrates the fracture
surface of 0.25wt% GNPs/CFRP composite laminates a�er
fatigue failure. Because of the addition of GNPs, the adhesion
between the �bers and resin was signi�cantly improved,
thereby reinforcing the adhesion properties between the
composite layers. 
erefore, embedding GNPs into resin can
suppress the formation of microcracks during cyclic loading

(a)

(b)

Figure 10: Fracture surfaces of CFRP composite laminates a�er
fatigue failure. (a) Neat CFRP composite laminate; (b) 0.25 wt%
GNPs/CFRP composite laminate.

and prevent the expansion of these cracks, which weakens the
e�ects of delamination, minimizes fractures, and enhances
the overall lifespan of CFRP composite laminates.

4. Conclusion


e experimental results showed that the mechanical prop-
erties of GNPs/epoxy nanocomposites have optimal char-
acteristics with reinforcement through GNPs addition; fur-
thermore, the ultimate tensile strength, exural strength, and
exuralmodulus were all improved. Based on the experimen-
tal results, adding the present GNPs to the CFRP composite
laminates increases fatigue life and provides a consider-
able reinforcement e�ect. 
erefore, embedding GNPs can
restrain creviced growth in the GNPs/epoxy nanocomposites
and prevent the expansion of these cracks, which weakens the
e�ects of delamination, minimizes fractures, and enhances
the overall lifespan of CFRP composite laminates.
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