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Some commercially available graphene (CG) samples, actually graphite nanoplates, are difficult to be

applied in polymers due to their large thickness, even though their fabrication is more cost-effective. In

this work, a CG sample with a thickness of about 25 nm is pre-treated via a facile acid soaking

technique, and then the acid-treated CG is introduced into epoxy resin (EP) to improve the toughness

while maintaining the high rigidity of the EP. The thickness of the acid-treated CG is dramatically

decreased to about 1 nm, well-dispersing CG in the EP matrix. The tensile strength and the fracture

energy of EP composite with 0.2 wt% acid-treated CG are increased to 85.2 MPa and 3.6 kJ m�2 from

74.3 MPa and 2.3 kJ m�2 of pure EP, respectively. In addition, the tensile-fractured surfaces of EP

composites reveal that the toughening mechanism is mainly attributed to the crack deflection and crack

pinning caused by the firmly-embedded CG nanosheets in the EP matrix. Besides, the glass transition

temperature of EP composites is increased to 170.5 �C from 163.9 �C of pure EP. The present study

provides a valuable approach for making use of the cost-effective graphite nanoplates to achieve

a similar performance as graphene in EP.
Introduction

Epoxy resin (EP) has been widely used in many elds such as
electrical and automotive industries due to its low curing
shrinkage, high adhesion, good chemical stability, high
strength and ease of processing.1,2 However, the traditional EP
usually shows poor toughness, high brittleness and easy
cracking since the high crosslinking density, which has to be
improved for enabling EP to meet higher requirements in some
high-tech elds.3,4 In previous studies,5 incorporating rubber
elastomers or thermoplastic polymers into EP was able to
effectively improve the toughness while sacricing EP's rigidity
and thermal stability. Recently, different nanollers such as
nanoclay,6 carbon nanotubes,7 and graphene8 were used to
overcome the above problems. Among these nanollers,
graphene-based materials have attracted considerable attention
due to their excellent physical and mechanical properties.

Wang et al.9 investigated the strengthening and toughening
effects of graphene on polymer composites. The microcrack,
resulting from interfacial debonding between graphene and
matrix as well as breakage and pulling out of graphene, was
proposed to be the main toughening mechanism. Besides, the
prevention of crack propagation was also contributed to the
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ng Engineering, Ministry of Education,

hemistry 2019
improved mechanical properties. However, graphene is prone
to agglomerate because of the strong van der Waals forces and
p–p interactions,10 leading to the deterioration of mechanical
properties for graphene/polymer composites. Thus, surface
modication of graphene is usually executed to improve the
dispersion of graphene in polymer matrix viz. covalent modi-
cation and non-covalent modication of graphene.

For the way of covalent modication, graphene oxide (GO) is
considered to be the most promising graphene-based materials
for its abundant reactive oxygen-containing groups on the
nanosheets.11 Ramezanzadeh et al.12 modied GO with p-phe-
nylenediamine (GO–PPDA), and prepared GO–PPDA/EP
composites. It revealed that the interactions between GO–
PPDA and EP matrix was increased with the increase of p-phe-
nylenediamine, which was favorable to avoid the agglomeration
of GO–PPDA nanosheets. In addition, the tensile strength and
the elongation at break of GO–PPDA/EP composites were
increased to 53 MPa and 4.0% from 28 MPa and 3.1% of pure
EP, respectively. Chhetri et al.13 prepared monolayer or multi-
layer N-methyl-2-pyrrolidone/graphene (NMPG) by one-step
hydrothermal reduction. The tensile strength of NMPG/EP
composite with 0.2 wt% NMPG was increased to 58.3 MPa
from 45.7 MPa of pure EP. Meanwhile, the fracture toughness
(critical intensity factor) and fracture energy of NMPG/EP
composites were improved by 100% and 240%, respectively.

Furthermore, for the way of non-covalent modication, it
seems more conducive to obtain the well-dispersed graphene-
based materials.14,15 Saha et al.16 employed
RSC Adv., 2019, 9, 33147–33154 | 33147

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra05992j&domain=pdf&date_stamp=2019-10-15
http://orcid.org/0000-0001-8107-6469
http://orcid.org/0000-0002-3211-1691
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05992j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009057


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 5

/1
7/

20
25

 9
:5

5:
22

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
polyvinylpyrrolidone as intercalant to exfoliate the reduced GO,
promoting the dispersion of the reduced GO in EP matrix
effectively. Wan et al.17 fabricated EP composites with highly
dispersed graphene of a thickness of about 2 nm via a facile
surfactant-assisted process. The tensile strength and the elon-
gation at break of EP composite with 0.1 wt% graphene were
increased to 83.4 MPa and 4.3% from 53.0 MPa and 2.6% of
pure EP, respectively. Notably, it was proved that the monolayer
graphene (with thickness about 1 nm or below) and the multi-
layer graphene (consisting of 2–10 graphene layers) were able to
be well dispersed in EP matrix, which was potential to achieve
the enhanced rigidity and toughness simultaneously.18

Nowadays, the mass production of commercially available
graphene (CG) at lowmanufacturing costs does not appear to be
a problem. However, Kauling et al.19 analyzed CG samples from
60 companies all over the world, and it was found that most of
them contained less than 10% monolayer graphene. Actually,
the thickness of some CG samples was more than 20 nm, which
should have been called graphite nanoplates according to the
denition of graphene.20 Since the fabrication of graphite
nanoplates is more cost-effective than that of monolayer or
multilayer graphene, it is meaningful to propose a facile
method to make use of graphite nanoplates to achieve high
toughness and rigidity for EP.

In the present work, a CG sample with about 25 nm thick-
ness is soaked in the mixture of nitric acid and sulfuric acid
under an ice bath for promoting the exfoliation of CG. The
structure evolution of CG via acid soaking technique is char-
acterized by Fourier-transform infrared spectroscopy (FT-IR),
Raman spectroscopy, X-ray diffraction (XRD), X-ray photoelec-
tron spectroscopy (XPS), and atomic force microscope (AFM).
The acid-treated CG is then introduced into EP for improving
the mechanical properties. And the corresponding toughening
mechanism is studied based on the scanning electron micros-
copy (SEM) images of the tensile-fractured surfaces of EP
composites.
Table 1 Ingredients of various EP compositesa

Samples ATCG or CG (wt%) PVP (wt%)

Pure EP 0 0
ATCG–PVP/EP-0.1 0.1 0.2
ATCG–PVP/EP-0.2 0.2 0.4
Experimental
Chemicals and materials

Epoxy (DGEBA, epoxy value ¼ 0.51 mol/100 g) was supplied by
SINOPEC Assets Management Corporation Baling Petrochem-
ical Branch, Beijing, China. 4,40-Methylenedianiline (DDM) was
provided by Shanghai Titan Scientic Co., Ltd., Shanghai,
China. The commercially available graphene (CG) sample was
purchased from Angstron Materials Inc., America. Graphite
akes (�150 mm akes) is purchased from Alfa Aesar (China)
Chemical Co., Ltd. and used for characterization. All other
reagents used in this study were purchased from Aladdin
Chemical Reagent Co., Ltd. and used as received unless other-
wise specied.
ATCG–PVP/EP-0.5 0.5 1.0
CG–PVP/EP 0.2 0.4
PVP/EP 0 0.4

a The contents of DEGBA and DDM for all EP composites were 25 g and
6.3 g, respectively.
Preparation of acid-treated CG

Based on Cui's study,21 CG sample (0.1 g) was immersed in
concentrated nitric acid (30 mL) under an ice bath, and
concentrated sulfuric acid (60 mL) was slowly added under
33148 | RSC Adv., 2019, 9, 33147–33154
stirring. The mixture was kept for 12 h before dilution with
plenty of cold water. The resulting black solution was ltered
and washed by plenty of water. The residue was re-dispersed in
ethanol solution (100 mL) containing polyvinylpyrrolidone
(PVP, 0.2 g) through ultrasonic treatment for 30 min. Finally,
the black homogeneous dispersion of acid-treated CG with PVP
(ATCG–PVP) was obtained.

Preparation of EP composites

Typically, DEGBA and ATCG–PVP dispersion were mixed in the
ask and stirred at 120 �C for 3 h to remove the ethanol. When
the mixture was cooled down to 80 �C, DDM with the equivalent
protons to epoxy groups of DEGBA was added, and the mixture
was stirred until the complete dissolution of DDM. Then, the
mixture was poured into a preheated mold, and degassed in
a vacuum oven at 80 �C for 30 min. Finally, the mixture was
cured in the following steps: 80 �C for 2 h, 110 �C for 1 h, 150 �C
for 2 h, 180 �C for 2 h, 200 �C for 2 h. The formulations of EP
composites were listed in Table 1. For comparison, CG–PVP/EP
composite with 0.2 wt% CG and PVP/EP with 0.4 wt% PVP were
also prepared.

Characterization techniques

The structural differences between CG and ATCG powders were
characterized by FT-IR, Raman, XRD and XPS. FT-IR spectra
ranged from 500 to 4000 cm�1 were recorded in the trans-
mission mode on a Vertex70 spectrometer (Bruker, Germany).
Raman spectra ranged from 800 to 3000 cm�1 were acquired on
a Lab RAM Aramis Micro-Raman spectrometer (HORIBACJOBIN
YVON Co., France) with a He laser at an excitation wavelength of
632.8 nm. XRD patterns in the range of 0–50� were taken by a D8
Advance X-ray diffractometer (Bruker, Germany) using Cu Ka
irradiation (l ¼ 1.54184 Å) at the step length of 0.02�. XPS was
carried out on an Axis Ultra-DLD X-ray photoelectron spec-
trometer (Kratos, UK) with Al Ka radiation (1486.6 eV) as the X-
ray source for excitation.

CG and ATCG were dispersed in ethanol with the help of PVP
as surfactant, respectively. And they were dropped onto mica
sheets for AFM measurement on a DI/MultiMode (Veeco, USA)
instrument with tapping mode under ambient condition. The
CG–PVP and ATCG–PVP dispersions were further ltered and
then dried for thermogravimetry analysis (TGA), which was
carried out on a Netzsch 2209F1 thermogravimetric analyzer
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 FT-IR spectra of graphite, CG and ATCG.
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with the temperature range of 30–800 �C and a heating rate of
10 �C min�1 under a nitrogen atmosphere.

The tensile properties of EP composites were carried out
according to ASTM D638-08 using an Instron-5967 universal
testing machine at the room temperature and a crosshead
speed of 2 mm min�1. Differential scanning calorimeter (DSC)
analysis was performed on a Netzsch DSC 200F3A01 thermal
analyser (Selb, Germany) at a heating rate of 10 �C min under
a nitrogen atmosphere. The mid-point between onset and offset
of the inectional tangent on the measured curve was dened
as glass transition temperature. EP Samples were sliced into
ultra-thin sections and placed on copper meshes for trans-
mission electron microscopy (TEM) measurement on
a JEM2010-HR (JEOL, Japan) instrument. SEM images of the
tensile-fractured surfaces were acquired on a Nova Nano
SEM430 (FEI, Eindhoven, The Netherlands) equipped with EDS.
The sample surfaces were coated with a thin layer of gold–
palladium alloy prior to the experiment.

Results and discussion
Characterization of ATCG

At the beginning, CG was ultrasonically treated directly in
ethanol with or without PVP. And the optical photographs of
CG/ethanol and CG–PVP/ethanol dispersions are given in the
le of Fig. 1. It is found that two dispersions exhibit clear
stratication. Aer high-speed centrifugation and gravimetric
analysis,22 there is almost no solid le in the upper superna-
tants of CG/ethanol and CG–PVP/ethanol dispersions, which
indicates that CG sample used here is difficult to be directly
applied in EP composites. Comparatively, the optical photo-
graphs of ATCG/ethanol and ATCG–PVP/ethanol dispersions
are shown in the right of Fig. 1. The dispersion of ATCG/ethanol
exhibits only slightly stratication. Furthermore, the dispersion
of ATCG–PVP/ethanol exhibits the uniformity and stability on
account of the intercalation of PVP into the graphene layers to
prevent effectively their aggregation.

For further analysis, graphite, CG and ATCG were charac-
terized by FT-IR, the spectra are shown in Fig. 2. Compared to
graphite, CG contains some oxygen groups, arose from the
production of CG via oxidation–reduction method. Moreover,
Fig. 1 Optical photographs of CG/ethanol, CG–PVP/ethanol, ATCG/
ethanol and ATCG–PVP/ethanol dispersions.

This journal is © The Royal Society of Chemistry 2019
there is an emerging absorption peak around 1729 cm�1

belonging to the stretching vibration of C]O for carboxyl in the
spectrum of ATCG. Besides, a broad peak around 3000–
3400 cm�1 corresponding to the stretching vibration of –OH is
observed. FT-IR results imply that CG is further oxidized to
obtain ATCG via acid soaking technique.

The contents of O element on the surfaces of CG and ATCG
nanosheets were gured out by XPS. From XPS spectrum of CG
in Fig. 3a, there is a small amount of O element, and the molar
ratio of C/O is about 17.7. Comparatively, the intensity of O
element of ATCG in Fig. 3b is higher than that of CG, and the
molar ratio of C/O is decreased to nearly 4.5. Compared to the
high-resolution C1s spectra of CG in Fig. 3c, besides the peak at
286.6 eV of C–O bond, one additional peak at 289.0 eV of
O–C]O bond is found in the high-resolution C1s spectra of
ATCG in Fig. 3d. The XPS results are consistent with the results
of FT-IR.

The structural disorder of CG and ATCG were evaluated by
the intensity ratio of D peak and G peak (ID/IG) from Raman
spectra. As shown in Fig. 4, in addition to the G peak around
1580 cm�1 ascribed to the sp2 hybridized carbon atom, the
Fig. 3 XPS spectra of (a) CG and (b) ATCG; high-resolution C1s spectra
of (c) CG and (d) ATCG.

RSC Adv., 2019, 9, 33147–33154 | 33149
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Fig. 4 Raman spectra of graphite, CG and ATCG.
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Raman spectrum of CG has an emerging D peak around
1300 cm�1 originated from the disordered edge region of
graphene-based materials,23 which means that defect sites are
introduced into CG during the mass production. From the
Raman spectrum of ATCG, the intensity of D peak is slightly
higher than that of CG, and the ID/IG value of ATCG is only
increased to 0.97 from 0.92 of CG, implying that few defects are
introduced into graphene nanosheets through acid soaking
technique.

The structure of CG and ATCG was further investigated by
XRD, and the spectra are shown in Fig. 5. A sharp diffraction
peak of graphite appears at about 26.7�, which indicates the
high crystallinity of this material. Based on Braggs law, the d-
spacing of graphite layer is 0.34 nm. The diffraction peaks of CG
and ATCG are much weaker and broader than that of graphite,
suggesting the regular stack structure of graphite is destroyed to
some extent. From the enlarged view of the spectra, the
diffraction peak of CG is at about 25.6�, which means a slightly
increase in d-spacing (0.01 nm). Instead, since the introduction
of oxygen groups via acid soaking technique, the diffraction
peak of ATCG is further decreased to 23.6�, meaning a larger d-
spacing of 0.38 nm. According to previous studies,24 graphene
with larger d-spacing is more advantageous to be exfoliated into
monolayer.
Fig. 5 XRD patterns of graphite, CG and ATCG.

33150 | RSC Adv., 2019, 9, 33147–33154
AFM images with the height proles of CG–PVP and ATCG–
PVP dispersions are presented in Fig. 6. From Fig. 6a, it is
apparently found that CG is granular and agglomerated. The
average thickness of CG is about 25 nm aer ultrasonic treat-
ment (seen in Fig. 6c), indicating there is barely any monolayer
nanosheet existed in CG. Even with the help of PVP as inter-
calant, CG is still difficult to be peeled off. As mentioned in the
results of XRD, the d-spacing of ATCG is larger than that of CG,
thus it is more conducive to the intercalation of PVP. As shown
in Fig. 6b, ATCG displays relatively even lamellar morphology.
And the height prole of ATCG in Fig. 6d shows that the average
thickness is reduced to about 1 nm, revealing that monolayer
nanosheets are obtained.25

In addition, the CG–PVP and ATCG–PVP dispersions are
further ltered and then dried for TGA characterization. Fig. 7
shows TGA curves of CG, ATCG, PVP, CG–PVP and ATCG–PVP.
Compared to CG, a more signicant weight loss occurs from
100–800 �C for ATCG, which is attributed to the removal of the
oxygen groups on ATCG nanosheets, corresponding to the
oxidation of CG via acid soaking technique. Besides, CG–PVP
and ATCG–PVP exhibit a major weight loss stage in the range of
400–500 �C due to the decomposition of PVP, even though the
dispersions have been ltered to remove PVP surfactant in
ethanol. The results indicate that CG and ATCG are wrapped by
PVP surfactant, which can improve the dispersity of CG and
ATCG in EP matrix.26

Performance of EP composites

As mentioned above, CG is exfoliated into monolayer, which
make it possible for being applied in EP. The dispersion of CG
and ATCG nanosheets in EP composites was investigated via
TEM measurement, and the results are shown in Fig. 8.
Undoubtedly, agglomerated morphology is found in Fig. 8a for
a CG–PVP/EP composite, revealing the poor dispersion of CG in
EP matrix. In contrast, some black lines are observed in Fig. 8b
for ATCG–PVP/EP composite with 0.2 wt% ATCG. The black
Fig. 6 AFM images of (a) CG–PVP and (b) ATCG–PVP; the height
profiles of (c) CG–PVP and (d) ATCG–PVP.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 TGA curves of CG, ATCG, PVP, CG–PVP and ATCG–PVP.
Fig. 9 DSC curves of pure EP, CG–PVP/EP and ATCG–PVP/EP
composites.

Fig. 10 Stress–strain curves of pure EP, CG–PVP/EP and ATCG–PVP/
EP composites.
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lines are the images of the monolayer/multilayer ATCG nano-
sheets, which is consistent with those of graphene/polymer
composites reported in the literature.27 Besides, it can be seen
that the well-dispersed ATCG nanosheets are curved and
interconnected with each other, implying the possibility of
improving performance of EP composites.28 However, when the
loading of ATCG is further increased to 0.5 wt%, it is found that
some ATCG nanosheets are agglomerated together (seen in
Fig. 8c), which may deteriorate the performance of EP
composites.

In addition to the dispersion of graphene nanosheets in
polymer matrix, the interactions between graphene nanosheets
and polymer matrix is another key factor for the mechanical
properties of composites. Natarajan et al.29 revealed that the
strong interactions between graphene nanosheets and polymer
matrix were benecial to the increase in glass transition
temperature (Tg). Besides, the well-dispersed graphene nano-
sheets in polymer matrix decreased the Tg value considerably. In
the present work, Tg of EP composites was characterized by
DSC, and the results are shown in Fig. 9. When the loading of
ATCG is 0.2 wt%, Tg of the EP composite is increased to 170.5 �C
from 163.9 �C of pure EP, implying the strong interactions
between ATCG nanosheets and EP matrix.

The well-dispersed ATCG nanosheets and the strong inter-
actions between ATCG nanosheets and EP matrix tempt us to
explore the mechanical properties of EP composites. The tensile
test results are presented in Fig. 10 and summarized in Table 2.
Fig. 8 TEM images of the ultrathin section of (a) CG–PVP/EP, (b) ATCG

This journal is © The Royal Society of Chemistry 2019
Since the poor dispersion of CG in EP, the tensile properties of
CG–PVP/EP composite with 0.2 wt% CG are almost unchanged
compared with those of pure EP. Instead, the tensile strength of
ATCG–PVP/EP composite with 0.2 wt% ATCG is up to 85.2 MPa
(14.7% higher than that of pure EP). However, excessive loading
leads to the poor dispersion and partially aggregation of ATCG,
reducing the effective reinforcement. In addition, it is inter-
esting to nd that the tensile modulus of EP composites
–PVP/EP-0.2 and (c) ATCG–PVP/EP-0.5.

RSC Adv., 2019, 9, 33147–33154 | 33151
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Table 2 The tensile properties of various EP composites

Sample name Tensile strength (MPa) Tensile modulus (GPa)
Elongation at
break (%)

Fracture energy
(kJ m�2)

Pure EP 74.3 � 2.6 2.85 � 0.07 5.0 � 0.3 2.3 � 0.2
ATCG–PVP/EP-0.1 81.0 � 2.7 3.01 � 0.20 5.8 � 0.6 3.0 � 0.4
ATCG–PVP/EP-0.2 85.2 � 2.8 3.02 � 0.19 6.4 � 0.4 3.6 � 0.3
ATCG–PVP/EP-0.5 79.4 � 4.9 3.04 � 0.27 5.5 � 0.5 2.8 � 0.5
CG–PVP/EP 75.9 � 6.0 3.03 � 0.13 5.2 � 1.2 2.5 � 0.8
PVP/EP 74.2 � 2.2 2.84 � 0.19 5.4 � 0.4 2.6 � 0.3

Fig. 12 (a) SEM image of tensile-fractured surface of CG–PVP/EP; (b)
the magnified image of (a).
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increases slightly, despite the good dispersion of ATCG in EP.
According to Anwer's study,26 the addition of PVP surfactant
might reduce the interfacial adhesion between ATCG nano-
sheets and EP matrix, which probably inhibits the stress
transfer from EP matrix to ATCG nanosheets, resulting the
almost invariable tensile modulus.

Notably, the ATCG–PVP/EP-0.2 composite shows the higher
elongation at break of 6.4%, which indicates 28% improvement
as compared with that of pure EP. Furthermore, the fracture
energy calculated from the area under the stress–strain curves is
employed to study the toughness of EP composites.30 The frac-
ture energy of ATCG–PVP/EP-0.2 composite is increased to 3.6 kJ
m�2 (56.5% higher than the corresponding value for pure EP),
indicating the remarkable improvement in toughness. Dose the
PVP surfactant play the role of toughening agent in EP
composites? In fact, the fracture energy of PVP/EP rises slightly,
which is probably due to the inadequate loading of PVP.31

Therefore, the increase in the toughness of ATCG–PVP/EP
composites is mainly ascribed to the well-dispersed ATCG,
which is further investigated by SEM.

SEM images of tensile-fractured surface of pure EP are
shown in Fig. 11. From Fig. 11a, the tensile-fractured surface of
pure EP shows typical cleavage patterns with a series of parallel
steps, and the smooth morphology of the crack is seen at high
magnication in Fig. 11b, indicating the brittleness of pure EP.
Aer the introduction of the poor-dispersed CG, a number of
dimples (the red circles in Fig. 12a) are observed in the tensile-
fractured surface of CG–PVP/EP composite. Besides, from the
high magnication in Fig. 12b, a CG aggregate is found to cause
stress concentration, which is deleterious to the mechanical
properties of EP composites.
Fig. 11 (a) SEM image of tensile-fractured surface of pure EP; (b) the
magnified image of (a).

33152 | RSC Adv., 2019, 9, 33147–33154
Since the well dispersion of ATCG in EP matrix, there is
seldom aggregates in the tensile-fractured surface of ATCG–PVP/
EP-0.2 composite (shown in Fig. 13a), and many ne ridges are
found at high magnication in Fig. 13b, in favor of improving
tensile properties. Furthermore, the introduction of the rmly-
embedded ATCG nanosheets in EP prevents the crack propaga-
tion through inducing crack deection and crack pinning (shown
Fig. 13 (a) SEM image of tensile-fractured surface of ATCG–PVP/EP-
0.2; (b) the magnified image of (a); SEM images of (c) crack deflection
and (d) crack pinning caused by ATCG on the tensile-fractured surface.

This journal is © The Royal Society of Chemistry 2019
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Table 3 Tensile properties of EP composites with graphene derivatives from the literature

Reference Properties of neat EP Properties of composite % increase in sa % increase in Eb % increase in dc
% increase
in fracture energy

The present work s ¼ 74.3 MPa s ¼ 85.2 MPa 14.7 6.0 28 56.5
E ¼ 2.85 GPa E ¼ 3.02 GPa
d ¼ 5.0% d ¼ 6.4%

12 s ¼ 28 MPa s ¼ 53 MPa 89.3 — 29 —
d ¼ 3.1% d ¼ 4.0%

13 s ¼ 45.7 MPa s ¼ 58.3 MPa 27.6 17.8 19.2 100
E ¼ 1.29 GPa E ¼ 1.52 GPa
d ¼ 5.2% d ¼ 6.2%

17 s ¼ 53 MPa s ¼ 83.4 MPa 57.4 8.2 65.4 —
E ¼ 2.91 GPa E ¼ 3.15 GPa
d ¼ 2.6% d ¼ 4.3%

28 s ¼ 46.5 MPa s ¼ 68.3 MPa 46.9 47.3 23.9 —
E ¼ 1.82 GPa E ¼ 2.68 GPa
d ¼ 4.6% d ¼ 5.7%

32 s ¼ 33.9 MPa s ¼ 70.9 MPa 109.1 134.2 78.6 —
E ¼ 0.79 GPa E ¼ 1.85 GPa
d ¼ 3.6% d ¼ 6.43%

33 s ¼ 48.4 MPa s ¼ 51.2 MPa 5.8 6.7 — —
E ¼ 1.50 GPa E ¼ 1.60 GPa

34 s ¼ 49.2 MPa s ¼ 51.1 MPa 3.8 28.0 �31.3 50.4
E ¼ 1.28 GPa E ¼ 1.64 GPa
d ¼ 12.8% d ¼ 8.8%

35 s ¼ 70.5 MPa s ¼ 77.3 MPa 9.6 7.5 34.5 40.9
E ¼ 2.80 GPa E ¼ 3.01 GPa
d ¼ 3.25% d ¼ 4.37%

36 s ¼ 47.5 MPa s ¼ 59.0 MPa 24.2 5.0 126.8
E ¼ 2.62 GPa E ¼ 2.75 GPa
d ¼ 1.57% d ¼ 3.56%

37 s ¼ 69.5 MPa s ¼ 79.8 MPa 14.9 32.6 9.6 30.8
E ¼ 2.70 GPa E ¼ 3.58 GPa
d ¼ 2.61% d ¼ 2.86%

a s: tensile strength. b E: tensile modulus. c d: elongation at break.
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in Fig. 13c and d). Crack deection means that ATCG nanosheets
deviate the crack from its main plane resulting in an increase in
the surface area of the crack and the energy to propagate such
a crack. Crack pinning means that the crack growth is prevented
by ATCG nanosheets, and extra energy is needed for crack
propagation.9 Thus, the fracture energy of ATCG–PVP/EP
composites is improved accordingly. In a word, CG with about
25 nm thickness is exfoliated into monolayer by a facile acid
soaking technique, and is able to be applied in EP for improving
the toughness while maintaining the high rigidity.

In addition, the tensile properties of EP composites are
compared with those from some literatures (summarized in
Table 3). Although the tensile strength and tensile modulus of
ATCG–PVP/EP composites (increased by 14.7% and 6%
compared to those of pure EP) are somewhat below those from
the literature, the fracture energy of ATCG–PVP/EP composites
(increased by 56.5% compared to that of pure EP) is competitive.
Conclusions

A CG sample with about 25 nm thickness was exfoliated into
monolayer by a facile acid soaking technique, which was then
incorporated into EP to construct graphene/EP composites.
This journal is © The Royal Society of Chemistry 2019
Thanks to the well dispersion of ATCG nanosheets and the
strong interactions between ATCG nanosheets and EP matrix,
the mechanical strength of EP composites was enhanced.
Moreover, due to the prevention of crack propagation causing
by ATCG nanosheets, a remarkable improvement in toughness
of EP composites was achieved. This work gave reference for
making use of the cost-effective graphite nanoplates to achieve
the almost same performance as graphene in EP.
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