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a b s t r a c t

Cu-doped graphene (graphenit-Cu) was successfully prepared through chemical reduction method, and
its surface morphology, crystalline structure and Cu content in graphenit-Cu were characterized by
scanning electron microscopy (SEM), X-ray diffraction (XRD), inductive couple plasma (ICP) and elec-
trochemical cyclic voltammetry, respectively. Graphenit-ox/epoxy systems and graphenit-Cu/epoxy
systems were prepared, and the contents of graphenit-ox and graphenit-Cu were kept as 1 and 3 wt%,
respectively. The effect of graphenit-ox or graphenit-Cu on the flame retardancy, combustion properties,
thermal degradation and thermomechanical properties of epoxy resin was investigated systematically by
limiting oxygen index (LOI), cone calorimeter (Cone), thermogravimetric analysis (TGA) and dynamic
mechanical analysis (DMA). Compared to graphenit-ox, the addition of graphenit-Cu reduced the heat
release rate (HRR), total smoke production (TSP) and smoke production rate (SPR), and improved LOI
values of epoxy composites. Moreover, the addition of graphenit-ox also had little flame retardant effect
on epoxy composite. The possible synergistic effect between graphene and Cu was confirmed in the
flame retardant epoxy composites. TGA and DMA results also indicated the considerable effect on the
thermal degradation and thermomechanical properties of epoxy composites with the addition of
graphenit-Cu. The results supplied an effective solution for developing excellent flame retardant epoxy
composites.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxy resin (EP) has been widely utilized in a variety of fields,
such as electronic/electrical insulation, laminates and composites,
adhesives, and coatings, due to its outstanding properties such as
high thermal stability, great versatility, good mechanical proper-
ties, strong adhesion, low shrinkage, chemical resistance and as an
excellent solvent [1e4]. However, the high flammability of epoxy
resin has hindered its application in some fields, especially in
electronic/electrical insulation, laminates and composites. Thus,
the research on flame retardant epoxy resin is increasingly
attracting more attention [5e8]. There are two methods to
).
improve the flame retardant properties of epoxy resin. In the first
method, some flame retardants are physically added into epoxy
resin [9e11]; and in the other method, some intrinsic flame
retardant elements like P [3,12], Si [13], N [14] are grafted into the
macromolecular chains through chemical reactions. An efficient
and versatile method to prepare flame retardant epoxy compos-
ites is the physical addition method, but it is difficult to disperse
the flame retardant homogeneously into epoxy resin. Alterna-
tively, an intrinsic flame retardant epoxy resin provides better
mechanical properties; however, their preparation process is
more complicated.

During the past decade, one of the promising solutions to
improve the flame retardant properties of epoxy resin is to incor-
porate nanoparticles as filler into epoxy resin [15]. Likewise,
different kinds of nanomaterials, such as montmorillonite (MMT)
[16], sepiolite [17], carbon nanotube (CNT) [6], or layered double
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hydroxide (LDH) [18] have been introduced into epoxy resin. These
nanofillers have already showed interesting results on the flame
retardant properties of epoxy composites. Recently, we have re-
ported that functionalized LDH-based epoxy nanocomposites
reached V-0 rating in the UL-94 vertical burning test with low
loading functionalized LDH [18e20]. The introduction of these
nanoparticles reduced the heat release rate (HRR) and simulta-
neously improved the mechanical properties of epoxy composites.

Since its discovery in 2004, graphene has attracted much
attention due to its Young's modulus, fracture strength, specific
surface, electron mobility and thermal conductivity [21e23]. These
remarkable properties made graphene and its derivatives to be
applicable in the field of batteries, sensors, electronic devices and
hydrogen storage. Also graphene based nanofillers were utilized to
improve the performance of polymers [24,25]. Due to its high
thermal resistance, graphene behaved as an effective barrier which
slowed down the heat/mass transfer during the combustion of
polymer [22]. Based on this, further research was directed towards
graphene and its derivatives as flame retardants to enhance the
flame retardant behavior of polymeric materials [26e28]. The re-
sults indicated that the addition of graphene and its derivatives
improved the flame retardant properties of polymeric materials
[26e28]. However, the effect of Cu-doped graphene on the flame
retardant properties of polymers is virtually not reported.

This paper describes the complete characterization of success-
fully synthesized Cu-doped graphene (graphenit-Cu) by using
scanning electron microscopy (SEM), X-ray diffraction (XRD),
Inductive couple plasma (ICP) and electrochemical cyclic voltam-
metry. Further, we report the preparation and characterization of
graphenit-ox and graphenit-Cu based Epoxy composites; and their
significant effect on the flame retardant properties, combustion
properties, thermal degradation and thermomechanical properties
of epoxy resin, are systematically studied using limiting oxygen
index (LOI), cone calorimeter (Cone), thermogravimetric analysis
(TGA) and dynamic mechanical analysis (DMA) techniques.

2. Experimental

2.1. Materials

Epoxy resin (L20) was purchased from Faserverbundwerkstoffe®

Composite Technology, Germany and 4,40-Diaminodiphenyl sul-
fone (DDS) was purchased from TCI Chemicals. Slightly oxidized
graphene nanoplatelets (graphenit-ox) were supplied by Nano-
innova Technologies S. L. (Madrid, Spain), and Cu-doped graphene
(graphenit-Cu) were prepared through chemical reduction method
by Nanoinnova Technologies S. L. (Madrid, Spain).

2.2. Preparation of graphene based epoxy composites

A fixed weight fraction (1 and 3 wt%) of graphenit-ox and
graphenit-Cu was added into epoxy resin to prepare epoxy com-
posites. To obtain a favorable dispersion of graphenit-ox and
graphenit-Cu into epoxy resin, a three-roll mill from EXAKT® 80E
(Advanced Technologies GmbH, Germany) was used. In order to
achieve better incorporation as well as dispersion of graphenit-ox
or graphenit-Cu into epoxy resin, the whole suspension was mil-
led two times for about 15min. During the first time of mill, the gap
between the feed roll and the apron roll was set to 90 and 20 mm,
respectively and for the second time, it was adjusted to 60 and
20 mm, respectively. Then, the suspension in a beaker was heated to
125 �C in an oil bath. DDS was added slowly to the suspension and
stirred for 15min until DDSwas totally dissolved. Subsequently, the
suspension was placed into a vacuum oven at 110 �C for 10 min to
drive off the bubbles and immediately poured into pre-heated
(160 �C) silicon-rubber moulds and the curing procedure was set
as follows: 160 �C for 2 h,180 �C for 2 h and 200 �C for 1 h. Following
the same procedure, epoxy resin, epoxy composites with 1 wt% and
3 wt% of graphenit-ox (1% and 3% graphenit-ox-epoxy), and epoxy
composites with 1 wt% and 3 wt% of graphenit-Cu (1% and 3%
graphenit-Cu-epoxy) were prepared.

2.3. Measurements

2.3.1. Limiting oxygen index test
LOI test was carried out with an oxygen index model instrument

(Fire Testing Technology, UK), and sheet dimensions of the samples
were 130 mm � 6.5 mm � 3.2 mm according to ASTM D2863-97.

2.3.2. Cone calorimeter test
The combustion behaviors of epoxy composites were investi-

gated by a cone calorimeter (Fire Testing Technology, UK) according
to the procedures in ISO 5660-1. Specimens with sheet dimensions
of 100 mm � 100 mm � 3 mm were placed on aluminum foil and
irradiated horizontally at a heat flux of 50 kW/m2. Each sample was
tested for three times.

2.3.3. Thermogravimetric analysis
Thermal stability of sample was studied on a Q50 Thermogra-

vimetric Analyzer (TA Instruments, USA). The heating rate was set
to 10 �C/min, and about 10 mg of the sample was tested under
nitrogen with a flow rate of 90 mL/min from room temperature to
700 �C. The temperature of the instrument was reproducible to
within ±1 �C, and the mass was reproducible to within ±0.1%.

2.3.4. Dynamic mechanical analysis
Thermomechanical properties of epoxy composites were exam-

ined by a Dynamic Mechanical Analyzer Q800 (TA Instruments,
USA). The dimensions of sample were 35 mm� 10mm� 2mm. The
samples were tested in a single cantilever clamp with a frequency of
1 Hz and an amplitude range of 15 mmat the heating rate of 3 �C/min
from room temperature to 280 �C.

2.3.5. Scanning electron microscopy
Surface morphology and particle size of graphenit-Cu was

characterized using a TM-1000 Tabletop Hitachi microscope. The
sample was coated with a conductive gold layer and pasted on
carbon conductive belt before SEM observation.

Morphologies of epoxy composites with 3% graphenit-ox and
epoxy composites with 3% graphenit-Cu were acquired with
focused ion beam-field emission gun scanning electron microscope
(FIB-FEGSEM) dual-beam microscope (Helios Nano Lab 600i, FEI).
All the samples were coated with a conductive gold layer and
pasted on carbon conductive belt before FIB-FEGSEM observation.

2.3.6. X-ray diffractometer (XRD)
Crystallography of graphenit-Cu was investigated by a XPERT-

PRO X-ray diffractometer. The Cu Ka (l ¼ 1.5406 Å) radiation
source was operated at 45 kV and 40 mA with a scan speed of
2� min�1.

2.3.7. Electrochemical cyclic voltammetry
Electrochemical cyclic voltammetry of graphenit-Cu was carried

out in a three-electrode cell. Glassy carbon, Pt wire and Ag/AgCl in
3 M KCl (BASi) were used as working electrode, counter electrode
and reference electrode respectively. All electrodes were intro-
duced in a standard three-electrode cell containing 0.1 mol/L KOH
(Scharlau) solution as electrolyte. Graphenit-Cu ink was prepared
in milli-Q water with 15 wt% Nafion and the concentration of
Graphenit-Cu was 5 mg mL�1. 25 mL of the above ink was pippetted



Fig. 2. XRD spectrum of graphenit-Cu, (▫) Cu, (▵) CuO and (B) Cu2O.
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onto the working electrode and dried at room temperature. Cyclic
voltammograms were recorded at a scan rate of 20 mV s�1. Elec-
trochemical measurements were recorded using a m-Autolab sys-
tem (Metrohm Autolab).

2.3.8. Inductive couple plasma
The content of Cu in graphenit-Cu was investigated by using

ICP-MS NexION 300XX (PerkineElmer).

2.3.9. Transmission electron microscopy (TEM)
A 200 KV JEOL 2100 transmission electron microscope was used

for the analysis. The sample was prepared by adding a drop of
diluted graphenit-Cu dispersed in ethanol on a lacey carbon-coated
copper grid 200 Mesh and then let to dry.

3. Results and discussion

3.1. Preparation and characterization of Cu doped graphene

Cu-doped graphene (graphenit-Cu) was prepared by means of
immobilization of Cu particles in graphenit-ox. Synthesis of
graphenit-Cu was carried out through chemical reduction method,
using graphenit-ox, CuCl2 as copper metal precursor and NaBH4 as
a reducing agent, at room temperature and under inert atmo-
sphere, as described elsewhere [29].

The surface morphology, crystalline structure and Cu content in
graphenit-Cu were characterized by scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray diffraction
(XRD) and inductive couple plasma (ICP), respectively. From the
SEM and TEM images of graphenit-Cu (Fig. 1), it was observed that
the dispersion of Cu particles was homogeneous on the surface of
graphenit-ox. This indicated that during the material synthesis,
there was an optimum as well as numerous nucleations of copper
metal particles.

XRD spectrum of graphenit-Cu is presented in Fig. 2. Therewas a
well defined sharp diffraction peak at 26.5� and two small peaks at
54.5� and 78.1�, corresponding to (004), (002) and (110) crystallo-
graphic phases of slightly oxidized graphene (graphenit-ox) [30],
respectively. The rest of the spectrum was complemented by a se-
ries of peaks which were attributed to a mixture of phases between
metallic copper and its oxides [31]. Metallic Cu0 exhibited three
characteristic peaks at 43.2�, 50.3� and 73.4� corresponding to
(111), (200) and (220) crystallographic phases, respectively. Peaks
at 36.4�, 38.5�, 48.6� and 61.2� werematchedwell with the peaks of
CuII oxidation state which is the most stable form of copper oxide
Fig. 1. SEM (a) and TEM (b)
(cupric oxide, CuO). In addition, two characteristic diffraction peaks
of less stable CuI oxidation state (cuprous oxide, Cu2O) were also
found at 36.4� and 42.6�. These data confirmed the coexistence of
several phases of metallic and copper oxides in graphenit-Cu.

From the induced coupled plasma (ICP) analysis, it was found
that the content of Cu in graphenit-Cu was 9.0 wt%. This result was
in good agreement with the 10 wt% loading obtained from the
molar ratio of graphenit-ox and CuCl2 in the synthesis process.

In order to confirm the presence of copper in thematerial and to
estimate its mass ratio in graphenit-ox, graphenit-Cu was charac-
terized by electrochemical cyclic voltammetry. Cyclic voltammo-
grams of graphenit-ox and graphenit-Cu are depicted in Fig. 3.
Cyclic voltammogram of bare graphenit-ox showed a characteristic
capacitive behavior of graphitic materials with a well defined
rectangular shape. This shape resulted from the double-layer effect,
where the charges from electrolyte and electrode arranged in the
surface of the electrode, providing electrostatic charge. It was noted
that a pseudo-capacitance was provided by a redox couple with a
former potential of 0.32 V vs. Ag/AgCl 3 mol/L KCl. This redox was
attributed to the protonation/deprotonation of quinone groups in
the material. The specific capacitance of graphenit-ox was calcu-
lated by integrating the area of the voltammograms and it was
found to be 70 F g�1. In case of graphenit-Cu, the capacitance was
considerably reduced and a number of redox peaks appeared in the
voltammogram. The decrease in double-layer capacitance was
caused by a smaller mass of graphene in the electrode and also a
modification on the double-layer capacitive properties of the
functionalized graphene. The double-layer capacitance of
images of graphenit-Cu.



Fig. 4. LOI values of graphene based epoxy composites.

Fig. 3. Cyclic voltammograms of graphenit-ox and graphenit-Cu.
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graphenit-Cu was calculated by extrapolating the anodic base-line
from �1 to �0.6 V and the cathodic base-line from 0.3 to �0.1 V.
The value obtained from the calculationwas 27.5 F g�1. Redox peaks
were attributed to the oxidation and reduction of copper in alkali
medium. The peaks corresponding to the following oxidation re-
actions were marked in Fig. 3 [32]:

(1)

(2)

(3)

From the charge value of the oxidation peaks at �0.364
and �0.093 V, the electroactive mass of Cu was calculated, and the
content of Cu was ca. 1.8 wt% in graphenit-Cu. This value corre-
sponded to the electroactive mass of Cu. It meant that the amount
of copper in contact with the electrolyte was able to carry out the
faradic oxidation/reduction reactions of Cu. The remaining 7.2 wt%
of Cu was attributed to the mass of non-electroactive copper of the
sample, considering 9.0 wt% of Cu obtained by ICP analysis. The
contact between the material and the electrolyte on the remaining
Cu did not exist. This was resulted from the morphology and size of
Cu particles. It indicated that only Cu on the surface of the material
took part in the electrochemical reactions.

3.2. Flammability of graphene based epoxy composites via LOI test

To examine the effect of graphenit-ox and graphenit-Cu on the
flame retardant properties of epoxy composites, limiting oxygen
index (LOI) test was performed. The effect on the flame retardant
properties of epoxy composites with respect to the content of
graphenit-ox and graphenit-Cu is depicted in Fig. 4. LOI values of 1%
and 3% graphenit-ox-epoxy were 25.2 and 25.6%, respectively,
which were a little higher than that of epoxy resin, 23.8%. It indi-
cated that the addition of graphenit-ox did not effectively enhance
the flame retardancy of epoxy resin. Nevertheless, LOI values of 1%
and 3% graphenit-Cu-epoxy were reached to 25.8 and 26.4%,
respectively (Fig. 4). The addition of graphenit-Cu slightly improved
the flame retardancy of epoxy resin.

3.3. Combustion behaviors of graphene based epoxy composites via
cone test

Cone calorimeter was utilized to study the flammability and
potential fire safety of polymer-based materials under-ventilated
conditions. This is one of the most effective bench-scale test
methods to predict the combustion behaviors of polymer-based
materials in a real fire [3]. To examine the effect of graphenit-ox
and graphenit-Cu on the combustion of epoxy composites, cone
calorimeter test was performed. The important data acquired from
the cone calorimeter test, such as time to ignition (TTI), peak heat
release rate (PHRR), total heat release (THR), fire growth rate index
(FIGRA, calculated from the ratio of PHRR and time to PHRR), time
to PHRR (TPHRR), peak smoke production rate (PSPR), total smoke
production (TSP) and residue, are presented in Table 1.
3.3.1. Heat release rate (HRR)
The HRR curves of epoxy composites with different contents of

graphenit-ox and graphenit-Cu are shown in Fig. 5. Pure epoxy
resin burned faster after ignition and a sharp peak appeared with a
PHRR value of 1193 kW/m2. Likewise, epoxy composites with 1%
and 3% graphenit-ox also burned faster after ignitionwith the PHRR
values of 1204 and 1244 kW/m2, respectively, which were a little
higher than that of pure epoxy resin. Thus, based on the results
from LOI and cone tests, it was concluded the addition of graphenit-
ox merely did not improve the flame retardant properties of epoxy
composite. However, the PHRR values of epoxy composites with 1%
and 3% graphenit-Cu were decreased to 825 and 786 kW/m2,
respectively, which were reduced by 31% and 34% compared with
that of pure epoxy resin. This indicated that the flame retardant
properties of epoxy composites were enhanced by the addition of
graphenit-Cu into epoxy resin.

Further, there was an obvious delay in PHRR for epoxy com-
posites with 1% and 3% graphenit-ox. In case of epoxy composites
with 1% and 3% graphenit-ox, firstly, the heat release rate increased
quickly, and then rose slowly, and again increased rapidly until it
reached a maximum PHRR, and then gradually decreased. This
phenomenon might be due to the formation of char layer. The
formed char layer prevented the epoxy composites from bothmass/
heat transfer, showing the initial reduction in heat release. How-
ever, the char layer did not withstand at that higher temperature
for a longer time. Not only that, the char layer may be fragile and
cracked. Then, it might be busted that increased the heat release
again.

The TTI value of epoxy composite with 1% graphenit-Cu was the
same as that of pure epoxy resin (Fig. 5 and Table 1). There was an
initial delay period for epoxy composites with different contents of



Table 1
Data obtained from cone test.

Sample PHRR (kW/m2)
[%Reduction]

TPHRRa (s) Av-HRR
(kW/m2)

TTI (s) FIGRA
(kW/m2/s)

PSPR (m2/s) TSP (m2) THR (MJ/m2)
[%Reduction]

Mass (%)

Epoxy 1193 [e] 90 250 45 13.3 0.30 23 76 [e] 7.6
1%-Graphenit-ox-Epoxy 1204 [�1] 100 278 49 12.0 0.31 27 81 [�7] 12.9
3%-Graphenit-ox-Epoxy 1244 [�4] 90 341 47 13.8 0.39 25 72 [5] 14.1
1%-Graphenit-Cu-Epoxy 825 [31] 100 209 45 8.3 0.25 24 66 [13] 8.1
3%-Graphenit-Cu-Epoxy 786 [34] 110 220 47 7.1 0.25 23 64 [16] 11.0

a Note: TPHRR stands for time to PHRR.

Fig. 5. HRR curves of graphene based epoxy composites.
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graphenit-ox and graphenit-Cu before these composites started to
release heat. The TTI values of these composites (47e49 s) were a
little higher than that of neat epoxy resin, 45 s. And this suggested
the addition of graphenit-ox improved the thermal degradation
temperature of epoxy matrix. The FIGRA value of pure epoxy resin
was 13.3 kW/(m2 s), and for epoxy composites with different con-
tents of graphenit-ox was 12.0 and 13.6 kW/(m2 s). Interestingly,
the FIGRA value for epoxy composites with different contents of
graphenit-Cu was reduced to 8.3 and 7.1 kW/(m2 s). The reduction
in FIGRA revealed the suppression in fire spread in case of
graphenit-Cu based epoxy composites.
Fig. 6. THR curves of graphene based epoxy composites.
3.3.2. Total heat release (THR)
THR curves of graphene based epoxy composites are presented in

Fig. 6. At the end of burning, THR values for pure epoxy resin, epoxy
compositewith 1%graphenit-ox, epoxycompositewith 3%graphenit-
ox, epoxy compositewith 1% graphenit-Cu and epoxy compositewith
3% graphenit-Cu were 76, 81, 72, 66 and 64 kJ/m2, respectively.
Compared with pure epoxy resin, the addition of 1% graphenit-ox
increased THR value of epoxy composites whereas the addition of
graphenit-Cu decreased the THR values of epoxy composites. There
were 13 and 16% reduction in THR value for epoxy composites with 1
and3%graphenit-Cu, respectively (Fig. 6 andTable1). Accordingly, the
effect of graphenit-Cu was better than that of graphenit-ox on the
flame retardant properties of epoxy composites.

3.3.3. Mass loss (ML)
ML curves of graphene based epoxy composites are presented in

Fig. 7. At the end of burning, there were 7.6, 12.9, 14.1, 8.1 and 11.0%
of char residue left, for pure epoxy resin, epoxy composite with 1%
graphenit-ox, epoxy composite with 3% graphenit-ox, epoxy com-
posite with 1% graphenit-Cu and epoxy composite with 3%
graphenit-Cu, respectively. Compared to epoxy resin, the amount of
char residuewas increased with the addition of graphenit-ox (Fig. 7
and Table 1). So, the addition of graphenit-ox might promote the
formation of more char residue from epoxy matrix. However,
compared with those of epoxy composites with graphenit-ox, the
addition of graphenit-Cu reduced the amount of char residue. It
revealed the thermal degradation of epoxy matrix was accelerated
with the addition of graphenit-Cu.

3.3.4. Smoke release
During a fire, total smoke production (TSP) and Smoke pro-

duction rate (SPR) were the main cause of death [33]. Thus, the
Fig. 7. ML curves of graphene based epoxy composites.



Fig. 8. SPR (a) and TSP (b) curves of graphene based epoxy composites.
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investigation on TSP and SPR of polymeric materials was much
beneficial in presenting the potential hazard of thesematerials [34].
TSP and SPR curves of graphene based epoxy composites are
depicted in Fig. 8(a) and (b), respectively. Compared to pure epoxy
resin, at the end of combustion, TSPs of graphene based epoxy
composites were more than that of pure epoxy resin, and TSP
decreased with the increase in the additive amount of graphenit-
ox. This indicated that the addition of graphenit-ox led to the
incomplete flammability of epoxy composites, releasing more
amount of smoke. However, the addition of graphenit-Cu reduced
the release of smoke, showing the reduction in TSP for epoxy
composites; but, the TSP value of epoxy composite with 1%
graphenit-Cu was still slightly higher than that of pure epoxy resin.
The peak SPR (PSPR) values of graphene based epoxy composites
were higher than that of pure epoxy during the flammability pro-
cess, which were in agreement with TSP results (Fig. 8(b) and
Table 1). However, the addition of graphenit-Cu decreased the PSPR
of epoxy composites. Also the reduction in PSPR for epoxy com-
posites with 1% and 3% graphenit-Cu were the same, 16.7%. Com-
bined the analysis of LOI and cone tests of graphenit-ox and
graphenit-Cu, it concluded that there might be a synergistic effect
between graphene and Cu to retard the flame in epoxy composites.
Fig. 9. TGA curves of graphene
3.4. Thermal degradation properties of graphene based epoxy
composites

The effect of graphenit-ox and graphenit-Cu on the thermal
degradation of epoxy composites was examined through TGA. TGA
and DTG curves of graphene based epoxy composites are presented
in Figs. 9 and 10, respectively; and the related data are shown in
Table 2. All the TGA curves of graphene based epoxy composites
were unimodal and displayed only one thermal degradation step in
the experimental conditions (Figs. 9 and 10). This implied that the
incorporation of graphenit-ox or graphenit-Cu into epoxy resin
showed no significant effect on the thermal degradation mecha-
nism of epoxy matrix. The addition of graphenit-ox had no obvious
effect on the thermal degradation of epoxy composites and this was
valid for all weight fractions (Fig. 9 and Table 2).

The onset degradation temperatures of epoxy composites with
graphenit-ox, Tonset, defined as the temperature at which 5% mass
loss took place, were slightly higher than that of pure epoxy resin.
Compared with pure epoxy resin, there was almost no change in
maximum decomposition temperature (Tmax) for epoxy composites
with graphenit-ox. The char yields of epoxy composites with
graphenit-ox at 680 �C gradually rose with the increase of
based epoxy composites.



Fig. 10. DTG curves of graphene based epoxy composites.
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graphenit-ox amount (Fig. 9 and Table 3). The char formed at this
temperature was composed of epoxy and part of graphenit-ox.
Thus, the addition of graphenit-ox did not promote the char for-
mation of epoxy composite under nitrogen. However, the addition
of graphenit-Cu decreased the Tonset of epoxy composite. The Tonsets
of epoxy composites with 1% and 3% graphenit-Cu were decreased
Table 2
Data obtained from TGA and DTG curves of graphene based epoxy composites.

Sample Tonset (�C) Tmax (�C)

Epoxy 354 419
1%-Graphenit-ox-Epoxy 357 415
3%-Graphenit-ox-Epoxy 359 418
1%-Graphenit-Cu-Epoxy 334 411
3%-Graphenit-Cu-Epoxy 343 409

Table 3
Data obtained from DMA test.

Sample Storage Modulus (E0g) at 30 �C (Mpa)

Epoxy 2367
1%-Graphenit-ox-Epoxy 2148
3%-Graphenit-ox-Epoxy 2254
1%-Graphenit-Cu-Epoxy 2280
3%-Graphenit-Cu-Epoxy 2223

Fig. 11. Storage modulus (a) and tan d (b) cur
by 20 and 11 �C, respectively, and the Tmaxs were also reduced by 8
and 10 �C, respectively, with the addition of graphenit-Cu. The re-
sults revealed that the addition of graphenit-Cu accelerated the
thermal degradation of epoxy composites, provided less amount of
char residue in epoxy composites and released more amounts of
gases.

The addition of graphenit-ox slightly reduced the thermal
degradation rate at Tmaxs of epoxy composite whereas the addition
of graphenit-Cu increased the thermal degradation rate at Tmaxs of
epoxy composites when compared with pure epoxy resin (Fig. 10
and Table 2). This also indicated that the addition of graphenit-Cu
might promote the thermal degradation of epoxy composite to
release more amounts of inflammable gases, leading to an
enhancement of flame retardancy of epoxy composites.
3.5. Dynamic mechanical analysis (DMA) of graphene based epoxy
composites

Dynamic mechanical test was very sensitive to chemical and
physical structure of polymeric materials. It was studied to examine
about the morphology and glass transitions of polymeric materials
[35]. The effect of temperature on storage modulus and loss factor
tan d of graphene based epoxy composites with different additive
amounts of graphenit-ox and graphenit-Cu are displayed in Fig. 11.
The storage modulus in glassy and rubbery state, and glass transi-
tion temperature (Tg, obtained from tan d peak) are listed in Table 3.
The addition of graphenit-ox and graphenit-Cu reduced the storage
Rmax (%/�C) Residue (%)

500 �C 600 �C 680 �C

1.3 19.2 16.9 16.2
1.2 21.9 19.4 16.7
1.4 20.2 18.3 17.3
1.5 18.7 16.2 15.3
1.4 19.5 17.0 16.2

Rubbery Modulus (E0r) at 200 �C (Mpa) Tg (�C)

17 171
24 170
27 168
25 176
28 176

ves of graphene based epoxy composites.



Fig. 12. FIB-FEGSEM pictures of 3% graphenit-ox epoxy composites (a, b) and 3% graphenit-Cu epoxy composites (c, d).
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modulus values of epoxy composites at lower temperature
(<61 �C), compared to pure epoxy resin (Fig. 11(a)). These results
might result from the bad disperse state of graphenit-ox (or
graphenit-Cu) in epoxy resin. In order to observe the disperse state
of graphenit-ox (or graphenit-Cu) in epoxy resin, a focused ion
beam-field emission gun scanning electron microscope (FIB-FEG-
SEM) was utilized. FIB-FEGSEM pictures of epoxy composites with
3% graphenit-ox and epoxy composites with 3% graphenit-Cu were
depicted in Fig. 12. From Fig. 12, it can be observed that the cross-
section of epoxy composites was quite rough, indicating that the
compatibility between graphenit-ox (or graphenit-Cu) and epoxy
resin was not good. The particle size of graphenit-ox (or graphenit-
Cu) (shown in Fig. 1) used in this study was quite bigger, and the
oxidized degree of graphenit-ox was slightly, which might the
reason for the bad compatibility. However, from Fig. 11(a) and
Table 3, it was noted that the storage modulus value of epoxy
composites with 3% graphenit-ox, 2254 MPa, was higher than that
of epoxy composites with 1% graphenit-ox, 2148 MPa, at 30 �C. This
phenomenon might be resulted from the interfacial interactions
between graphenit-ox and epoxy resin. In the case of epoxy com-
posites with 3% graphenit-ox, there existed more amounts of hy-
droxyl and epoxy groups obtained from graphenit-ox, and these
groups reacted with epoxy resin, resulting in the better disperse
state of graphenit-ox in epoxy resin. As can be obtained from
Fig. 11(a) and Table 3, the storage modulus value at 30 �C of epoxy
composites with 1% graphenit-Cu was higher than that of epoxy
composites with 1% graphenit-ox. The doped coppermight catalyze
the chemical reactions between grapheme and epoxy resin,
improving the compatibility of graphenit-Cu and epoxy resin.
Moreover, the storage modulus values of graphene based epoxy
composites were higher than the corresponding value of pure
epoxy resin at higher temperature (>85 �C). Mohanty et al. [36] had
reported the similar results for epoxy/20% EMS/C30B nano-
composite. This behavior might be due to the higher crosslinked
density, and the increase in the stiffness of polymeric materials
were caused by well dispersed graphenit-ox (or graphenit-Cu) [37].
A rheological percolation might be achieved in graphene based
epoxy composites. And the formed percolated network of graphene
reduced the mobility of epoxy chains at higher temperature [38].

The loss factor tan d curves of graphene based epoxy composites
are presented in Fig.11(b). The addition of graphenit-ox reduced Tgs
of epoxy composites (Fig. 11(b) and Table 3). Graphenit-ox (slightly
oxidized graphene nanoplatelets) had lower oxygen levels and thus
it should have weaker interactions at the interfaces with epoxy
resin due to the lack of hydroxyl and epoxy groups [39]. However, it
was interesting to note that Tgs of epoxy composites with 1% and 3%
graphenit-Cu were increased by 5 �C compared to pure epoxy resin.
And this indicated that the addition of graphenit-Cu restricted the
mobility of epoxy chains and increased the cross-linking density of
epoxy composites. Higher Tgs of epoxy composites with graphenit-
Cu also indicated a stronger bonding and load transfer at the
graphenit-Cu-epoxy interface [38]. Compared to pure epoxy resin,
the E0r values of graphene based epoxy composites were much
higher, which showed the stronger interaction between graphenit-
ox (graphenit-Cu) and epoxy matrix, and the higher crosslinking
degree of epoxy composites [38].

4. Conclusions

Graphenit-ox/epoxy and graphenit-Cu/epoxy composites were
successfully prepared and thoroughly characterized using standard
analytical techniques. LOI value of epoxy composite with 3%
graphenit-ox was improved to 25.8% from 23.8% for pure epoxy
resin whereas LOI value of epoxy composite with 3% graphenit-Cu
was enhanced to 26.4%. The cone results revealed that the addition
of graphenit-Cu reduced the heat release rate (HRR), total smoke
production (TSP) and smoke production rate (SPR) of epoxy com-
posites; however, the addition of graphenit-ox had little flame
retardant effect on epoxy composites. There might be a synergistic
effect between graphene and Cu on the flame retardant epoxy
composites. TGA and DMA results indicated that the addition of
graphenit-ox had slight effect on the thermal degradation and
thermomechanical properties of epoxy composites; however, the
addition of graphenit-Cu accelerated the thermal degradation of
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epoxy composites and increased the glass transition temperature
(Tg) of epoxy composites.
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