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Thermal conductivity of epoxy
composites filled by thermally
reduced graphite oxide with
different reduction degree
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Abstract

A series of selectively reduced graphite oxide was prepared by thermal reduction of graphite oxide at different annealing

temperatures and used as fillers to enhance thermal conductivity of epoxy composites. The reduction degree of select-

ively reduced graphite oxide increases with annealing temperature changing from 600�C to 1000�C. The out-of-plane

thermal conductivity (Jo) of selectively reduced graphite oxide/epoxy composites is remarkably higher than that of

graphite oxide/epoxy. For the selectively reduced graphite oxide obtained at 1000�C, Jo reaches 0.674 W/m�K when

filler content is 5.4 wt%, which is 450% of pure epoxy. The enhanced Jo can be attributed to the better dispersion of

selectively reduced graphite oxide in epoxy and their edges overlap to form effective thermal conductive paths in

epoxy matrix. However, the achieved thermal conductivity enhancement is still comparatively lower than that of select-

ively reduced graphite oxide with higher reduction degree, since the interfacial bonding strength between selectively

reduced graphite oxide and epoxy decreases when reduction degree of selectively reduced graphite oxide flakes

becomes higher.
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Introduction

A raft of recent research has been performed to
improve the thermal conductivity of epoxy composites
by introducing thermally conducive fillers into the
epoxy matrix, such as carbon nanotubes, carbon fiber,
aluminum oxide, boron nitride, and graphene.1–4

Among these fillers, graphene can significantly improve
thermal conductivity of composites at extremely small
loading due to its high thermal conductivity5,6 and
atomically thin sheet structure.7 However, the thermal
conductivity of graphene/epoxy composites is still not
high enough to meet the application needs.8–10

According to the literature,10–12 the main ways to
improve the thermal conductivity of graphene/epoxy
composites are improving the quality of graphene,
improving its dispersion in epoxy matrix, and enhan-
cing the interfacial bonding strength between fillers and
matrix. Fu et al.13 filled epoxy adhesive with few-layer

modified graphene flakes, which were prepared by
re-expansion and thermal exfoliation of graphite nano-
flake, and the thermal conductivity of composites
reached 4.01W/m�K at 10.10wt% filler content.
Wang et al.11 found that under good mixture condition,
thermal conductivity of epoxy composites with 8wt%
commercial graphene nanoplatelets could reach
1.181W/m�K, which was 627% enhancement of pure
epoxy. Chatterjee et al.14 used amine functionalized
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expanded graphene nanoplatelets to improve
the thermal properties of epoxy composites and
observed that the thermal conductivity of composites
reached 136% of epoxy resin at only 2wt% filler
content.

Until now, a variety of methods has been reported to
prepare high quality graphene, which include mechan-
ical cleavage method,5 epitaxial growth on SiC,15

reduction/exfoliation of graphite oxide (GO),16 unzip-
ping carbon nanotubes,17 and chemical vapor depos-
ition (CVD).18 Among these methods, reduction/
exfoliation of GO are more suitable for polymer com-
posite applications19,20 because the products, reduced
GO (r-GO) flakes, are modified graphene flakes.21

Small amount of oxygen-containing functional groups
on the surface of r-GO flakes are beneficial to their
dispersion in polymer matrix and can strengthen the
bonding force between fillers and matrix.22 Then the
polymer composites with high thermal conductivity
and better mechanical properties can be produced,
which have great potential applications in thermal
management of electronic packaging,2 plastic heat
exchanger,23 thermal interfacial materials,24 and so
on. But too many functional groups decrease the ther-
mal conductivity of r-GO, which is harmful for improv-
ing the thermal conductivity of polymer composites.25

Therefore, to improve the thermal properties of poly-
mer composites, the quantity of functional groups
should be appropriate. Until now, the amount of
oxygen can be controlled by experimental conditions.26

The amount of oxygen here corresponds to the reduc-
tion level of GO to modified graphene flakes, which
is named as reduction degree in this article.
Thermal reduction and chemical reduction of GO are
both simple and stable methods to produce modified
graphene flakes in a large scale.27,28 It has been
reported that the annealing temperature greatly influ-
enced the reduction degree of GO, and then
influenced the thermal conductivity of r-GO flakes.25

Therefore, thermal reduction of GO is an interesting
choice to do research on the influence of GO’s reduc-
tion degree to the thermal conductivity of r-GO/poly-
mer composites.

In this article, selectively reduced graphite oxide
(SRGO) with different reduction degree was obtained
by thermal reduction/exfoliation29 at temperatures ran-
ging from 600�C to 1000�C. Then the effect of SRGO’s
reduction degree on the thermal conductivity of SRGO/
epoxy composites is systematically investigated. To
explain the variation trend of thermal conductivity, fur-
ther experimental studies on the quality of SRGO
flakes, dispersion of SRGO in epoxy matrix, the reac-
tion between SRGO and epoxy matrix, and the inter-
facial bonding strength between SRGO and epoxy
matrix were discussed.

Experimental and sample
characterization

Synthesis of GO

Synthetic graphite powder with diameter less than
0.5mm was used as raw material for the preparation
of GO. In this study, GO was synthesized according to
a modified Hummer’s method,30,31 which took place in a
1000ml three-necked round-bottomed flask. First, under
the circumstance of 0�C ice-salt bath, graphite power
(3 g) was dispersed in the solution of concentrated
H2SO4 (98%, 100ml), and then NaNO3 (3 g) and
KMnO4 (12 g) were added to the mixture, stirring for
2 h at 300 rpm. Second, the mixture was heated to
35�C, and kept stirring for 40min. Deionized water
(138ml) was slowly dropped into the reagent under the
circumstance of 0�C ice-salt bath. Third, the flask was
transferred into 98�C thermostatic bath immediately,
kept stirring for 20min, and cooled down naturally to
50�C. Then the reagent was diluted by 45�C deionized
water (350ml), in which H2O2 (70ml) was slowly added.
After stirring for 1 h, the reagent was successively
washed with the 1:10 HCl solution (330ml), methanol
(100ml), and deionized water (100ml) through suction
filtration, until sulfate ion and mental ion were totally
filtered out, and the pH was neutral. Finally, the
remained GO was dried at 45�C in vacuum oven
(DZF6050, Jinghong, China) for 24h.

Selective thermal reduction of GO

The GO was thermally reduced in a horizontal tube
furnace (STF-1200X, China). Initially, five samples
(1 g for each sample) were degassed under a nitrogen
gas flow of 80ml/min at room temperature for 20min.
Then the samples were heated to 400�C at the rate of
5�C/min, and kept at 400�C for 30min. After that, the
five samples were heated from 400�C to 600�C, 700�C,
800�C, 900�C, and 1000�C, respectively, at the rate of
5�C/min. At each terminal temperature, the sample
was kept for 30min. Finally, the samples were naturally
cooled to room temperature. These samples prepared
above were named as SRGO600, SRGO700,
SRGO800, SRGO900, and SRGO1000, respectively.

Preparation of SRGO/epoxy composites

Since the preparation processes are similar, the procedure
for preparing 0.5wt% SRGO/epoxy composites was
taken as an example. First, SRGO was ultrasonically dis-
persed in acetone for 30min (sonic power 80W) and then
blended with the epoxy resin (E-51, Sanmu Corporation,
China) and curing agent (2,3,6-tetrahydro-3-methylphtha-
lic anhydride) by magnetically stirring for 1h at 60�C.
The mass fraction ratio of SRGO: epoxy resin: curing
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agent is 1:100:85. Second, the mixture was ultrasonically
dispersed for 30min at 60�C. Third, the accelerator, 2,4,6-
tris(dimethylaminomethyl)phenol, was added into the
liquid mixture according to the mass ratio 1:100 to
epoxy resin, and the mixture was magnetically stirred
for 30min at 60�C. Then the mixture was degassed for
1h to remove bubbles at 80�C in vacuum oven. After
that, the mixture was transferred to a polytetrafluor-
oethene (PTFE) mold (diameter 12.7mm, thickness
2mm) and cured at 100�C for 4h and 150�C for 4h.
Finally, the cured sample was naturally cooled to room
temperature. The composites prepared were named as
SRGO/epoxy-0.5. Through the same procedure, the sam-
ples of SRGO/epoxy-1.0, SRGO/epoxy-2.7, and SRGO/
epoxy-5.4 were obtained.

Characterization of samples

To verify the quality of SRGO, samples were charac-
terized by X-ray diffractometer (XRD, Cu/K-a1 radi-
ation, Bruker D8 Advance, German) under a power
supply of 40 kV and 40 mA with a scanning speed of
5�/min from 5� to 50�, Raman spectrophotometer
(LabRAM Aramis, 633 nm helium-neon laser, France)
recorded from 200 to 3700 cm�1, X-ray photoelectron
spectrometer (XPS, K-a1, ESCALAB 250, USA) per-
formed under 200 eV for survey and 30 eV for high
resolution scans, and transmission electron microscope
(TEM, JEM-2100 LaB6, Japan) at 160 keV.

The dispersing morphologies and interfacial proper-
ties of SRGO flakes in epoxy matrix were characterized
by cold field emission gun scanning electron microscope
(SEM, SU8010, Japan) at 5.0 kV and TEM (FEI Tecnai
G2 F20, Netherlands) at 160 keV. Fourier transform
infrared spectrometer (FT-IR, NICOLET iS10, USA)
was performed to identify the functional groups of
SRGOs/epoxy composites. Thermal diffusivity (�) was
measured on a laser flash thermal analyzer
(NETZSCH-LFA 447 NanoFlash, German) at 30�C.
Specific heat capacity (CP) was measured on a differen-
tial scanning calorimeter instrument (NETZSCH-DSC
404, German) under argon atmosphere with a heating
rate of 10�C/min. The density (�) was measured by
Buoyancy Method. Then the thermal conductivity, J,
was obtained by,

K ¼ � � CP � � ð1Þ

Results and discussion

Reduction degree of SRGO and its influence on
microstructure

The amount of oxygen on the surface of SRGO flakes
was measured by XPS analysis, and the results are

listed in Table 1. It is found that more oxygen-contain-
ing functional groups are decomposed when the anneal-
ing temperature increases, i.e. the reduction degree of
SRGO increases with the annealing temperature
increasing from 600�C to 1000�C.

The variation of microstructure with reduction
degree of SRGO flakes was characterized by XRD,
Raman, and TEM. As shown in XRD patterns of
Figure 1(a), the sharp peak of GO around 11� corres-
ponds to the (001) plane. The peak around 26.3� of
graphite corresponds to the (002) plane. The disappear-
ance of (001) peak of SRGO demonstrates the success-
ful exfoliation of GO, while the existence of (002) peak
shows that the prepared GO and SRGO flakes are
multilayer. According to Scherrer Equation and
Bragg Equation,32,33 the crystallite size, L, and interla-
minar distance, d002, can be respectively calculated. The
number of layers, n, is roughly estimated by

n ¼
L

d002
þ 1 ð2Þ

The values of d002, L and n are listed in Table 2, in
which d002 and n of SRGO are similar. And the number
of layers n changes from 24 to 26. The layer structure of
SRGO flakes and their shapes can also be seen from
TEM pictures of SRGO flakes. It is confirmed that the
number of layers of SRGO flakes with different reduc-
tion degree and their shapes are similar. This is because
the GO was synthesized by the same method, and the
oxygen-containing groups were inserted into the similar
layers of the graphite powders. When the oxygen-con-
taining groups decomposed at quite high temperature,
the GO expanded in these similar layers. Taking the
TEM pictures of SRGO800 flakes as an example,
Figure 1(c) demonstrates that the number of layers n
changes between 20 and 30, and Figure 1(d) shows that
the individual SRGO flake presents to be transparent
and silk-like, possessing a large aspect ratio, which is
beneficial to the overlap of the SRGO flakes in
epoxy resin. As demonstrated in Raman spectrum of
Figure 1(b), the prepared SRGO flakes are defected in
structure, and the defect degree of SRGO increases with

Table 1. XPS analysis of GO and SRGO elemental composition.

Sample C (%) O (%) C/O

GO 79.96 20.04 3.99

SRGO600 85.64 14.36 5.96

SRGO700 86.21 13.79 6.25

SRGO800 88.44 11.56 7.65

SRGO900 90.80 9.20 9.87

SRGO1000 93.57 6.43 14.55

Sun et al. 3



the increase of reduction degree owing to the decom-
position of oxygen-containing groups.26

Out-of-plane thermal conductivity of SRGO/epoxy
composites

The out-of-plane thermal conductivity, Jo, of GO/epoxy
and SRGO/epoxy composites is shown in Figure 2(a).
Apparently when the filler content increasing, the Jo of
composites increases accordingly, and Jo of SRGO/
epoxy composites is higher than that of GO/epoxy com-
posites. When the filler content is larger than 1.0wt%,
Jo of SRGO/epoxy composites is enhanced with the
increasing annealing temperature of SRGO, i.e. Jo of

SRGO/epoxy composites increases with the rising reduc-
tion degree of SRGO. The maximum Jo value of
SRGO/epoxy-1.0, SRGO/epoxy-2.7, and SRGO/
epoxy-5.4, respectively, reaches 0.259, 0.409, and
0.674W/m�K, which is 173%, 273%, and 450% times
of pure epoxy. It is notable that the superiority of
increasing reduction degree of SRGO becomes more evi-
dent with the increase of filler content. As can be seen
from Figure 2(b), the Jo ratio of SRGO1000/epoxy to
GO/epoxy, Jo-SRGO1000/epoxy/Jo-GO/epoxy, increase from
106% to 349%, and the variation trend is almost linear.
According to the previous literature,25 thermal conduct-
ivity of SRGO increases with the increase of annealing
temperature, and there is a 141 times increase when the
annealing temperature changes from 900�C to 1000�C.
However, the dramatic change of thermal conductivity
does not occur when SRGO flakes are compounded with
epoxy resin. The main reason might be the thermal
resistance of interface layer between SRGO flakes and
epoxy matrix, which will be discussed in the next section.
Besides, Jo of SRGO/epoxy-0.5 composites changes
very little with reduction degree. This is mainly because
the SRGO flakes are so few that they are randomly dis-
persed in the matrix and isolated from each other, and
consequently the thermal conductivity of epoxy compos-
ites changes very little with the thermal property of fillers
and interface layer.

Figure 1. Structural characterization of fillers. (a) XRD patterns, (b) Raman spectra, (c) high resolution TEM images of SRGO800,

and (d) TEM images of SRGO800.

Table 2. XRD analysis of graphite, GO, and SRGO, the inter-

laminar distance, crystallite size, and estimated number of layers.

Sample d002 (nm) L (nm) n

Graphite 0.336 28.000 84

GO 0.339 7.900 24

SRGO600 0.335 8.500 26

SRGO700 0.337 8.000 25

SRGO800 0.335 8.000 25

SRGO900 0.336 8.100 25

SRGO1000 0.336 8.500 26
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Explanation of the growth trends of Jo

Physical property of interface layer between SRGO flakes and

epoxy matrix. The interaction between the functional
groups of SRGO flakes and epoxy was characterized
by FT-IR method. As demonstrated in FT-IR spectra

of Figure 3(a), the peak around 827 cm�1 corresponds
to stretching C–O–C of oxirane group, the peak around
913 cm�1 represents the stretching C–O of oxirane
group, the peak around 1036 cm�1 corresponds to
stretching C–O–C of ethers and the peaks from
1506 cm�1 to 1608 cm�1 represent the stretching C–C

Figure 2. Experimental results of out-of-plane thermal conductivity of epoxy composites. (a) Detailed data, (b) variation trend of

Jo-SRGO1000/epoxy/Jo-GO/epoxy (i.e. out-of-plane thermal conductivity ratio of SRGO1000/epoxy composites and GO/epoxy com-

posites) with filler content. The thermal conductivity data of Song’s literature25 are shown in the inset graph of (b) and when the

annealing temperature changes from 900�C to 1000�C, thermal conductivity of SRGO flakes dramatically increases by 141 times.
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and stretching C¼C of aromatic rings. It is found
that the relative content of C–O of oxirane group,
C–O–C of oxirane group, and C–O–C of ethers in
epoxy composites is larger than that in pure epoxy,
and it reaches maximum in GO/epoxy composites.
This indicates that the hydroxyl and carboxyl groups
carried by fillers react with the hydroxyl of epoxy
resin. As shown in Figure 3(b), partial hydroxyl and
hydrogen in epoxy resin are removal, and some new
C–O–C of oxirane groups are brought in by SRGO.
Meanwhile, as a reaction product, some C–O–C of
ethers are introduced.

The SEM images of GO/epoxy-5.4 and SRGO/
epoxy-5.4 composites are shown in Figure 4, from
which the dispersion of SRGO flakes and physical
property of interface layer can be analyzed. When the
reduction degree of SRGO increases, the interfacial
gaps between SRGO and epoxy matrix become larger,
which indicates that the interfacial bonding strength
between SRGO flakes and epoxy matrix decreases.
This is mainly attributed to the decomposition of
oxygen-containing functional groups. The oxygen-con-
taining functional groups could interact with epoxy
resin, and then enhance the interfacial bonding force

Figure 3. The interaction between SRGO flakes and epoxy resin. (a) FT-IR spectra of pure epoxy and epoxy composites (filler

content¼ 5.4 wt%). (b) The chemical diagram of reaction between the functional groups of SRGO flakes and epoxy resin, in which

SRGO flakes are simplified as one layer.
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and compactness between SRGO flakes and epoxy
matrix.34 Therefore, less oxygen-containing functional
groups would result in larger interfacial gaps. In add-
ition, the interfacial bonding force and compactness

greatly influence the heat transfer in interface layer.
When the interfacial bonding force is weaker and the
compactness is smaller, the diffuse acoustic mismatch
effect35,36 strengthens and heat transfer of interface

Figure 4. SEM images of epoxy composites (filler content¼ 5.4 wt%). (a) GO/epoxy, (b) SRGO600/epoxy, (c) SRGO700/epoxy,

(d) SRGO800/epoxy, (e) SRGO900/epoxy, and (f) SRGO1000/epoxy.

Figure 5. TEM images of epoxy composites (filler content¼ 5.4 wt%). (a) GO/epoxy, (b) SRGO600/epoxy, (c) SRGO700/epoxy,

(d) SRGO800/epoxy, (e) SRGO900/epoxy, and (f) SRGO1000/epoxy.
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caused by lattice vibration is less effective, which means
the interfacial thermal resistance increases.34,37,38

Dispersion of SRGO flakes in the epoxy matrix. Besides the
physical property of interface layer, the dispersion of
SRGO flakes in epoxy matrix are also discussed. Figure 5
shows the TEM images of GO/epoxy-5.4 and SRGO/
epoxy-5.4 composites. It can be found that when the
weight fraction of filler reaches 5.4wt%, the GO par-
ticles are still isolated dispersed in epoxy matrix owing
to its granular shape, while the edges of SRGO flakes
overlap, forming effective thermal conductive paths in
the epoxy matrix. This formation of thermal conductive
path is beneficial for improving the thermal conductiv-
ity of epoxy composites39 and is an important reason
for the enhanced thermal conductivity of the SRGO/
epoxy composites as compared to that of the GO/epoxy
composites. At the same filler content of 5.4wt%, the
distributions of SRGO flakes with different reduction
degree are different, but the SRGO flakes all overlap in
the matrix. This is mainly due to the large aspect ratio
and flexible shape of SRGO flakes. Then the effect of
distribution difference caused by SRGO flakes is cov-
ered up.

Three-dimensional models of SRGO/epoxy composites. To
explain the variation trend of out-of-plane thermal con-
ductivity of composites, the thermal transfer models of
epoxy composites including GO or SRGO flakes, epoxy
matrix, and interfacial gaps are set up according to the
results of XPS analysis, FT-IR spectra, SEM images,
and TEM images. As shown in Figure 6, at 0.5wt%

filler content, GO and SRGO flakes are all isolated in
epoxy matrix, and with the increase of reduction
degree, the size of interfacial gaps between SRGO
flakes and epoxy matrix increases. So the thermal con-
ductivity of SRGO1000/epoxy-0.5 composites is closed
to that of GO/epoxy-0.5 composites. When filler con-
tent becomes larger, the GO particles are still isolated in
epoxy resin, while the edges of SRGO flakes become
overlapped. So the thermal conductivity of SRGO1000/
epoxy-5.4 composites is much higher than that of GO/
epoxy-5.4 composites. As shown in Figure 2(b), the
thermal conductivity of SRGO flakes increases 141
times when the annealing temperature increases from
900�C to 1000�C. If the thermal conductivity of the
interface layer is the same, there will be a sharp
improvement in the thermal conductivity of SRGO/
epoxy composites when the fillers change from
SRGO900 to SRGO1000. However, with the increase
of reduction degree, the interfacial bonding strength
between SRGO flakes and epoxy resin decreases and
the interfacial gaps increase, and then the heat transfer
efficiency of the interface layer decreases. So the dra-
matic thermal conductivity increase of SRGO flakes
changing from SRGO900 to SRGO1000 does not
occur in the thermal conductivity of their epoxy com-
posites as shown in Figure 2(a).

Conclusions

Thermally selective reduction/exfoliation of GO was
conducted under different annealing temperature from
600�C to 1000�C. Then SRGO flakes with different

Figure 6. The variation of three-dimensional models of epoxy composites with filler content and reduction degree of fillers.

(a) Model of GO/epoxy-0.5 composites, (b) model of GO/epoxy-5.4 composites, (c) model of SRGO1000/epoxy-0.5 composites, and

(d) model of SRGO1000/epoxy-5.4 composites. In these models, fillers in the internal composites are represented by dotted lines,

while fillers truncated by surfaces are represented by thick solid lines and dotted lines. The thick solid lines are the intersections of

fillers and surfaces, which can be observed from outside. And the white spaces around the thick solid lines are interfacial gaps.
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reduction degree were used to enhance thermal con-
ductivity of epoxy composites. And the following con-
clusions were obtained.

1. Compared with GO particles, SRGO flakes present a
better dispersion morphology in the epoxy matrix.
When the weight fraction of SRGO flakes reaches
5.4%, the edges of SRGO flakes overlap, forming an
effective thermal conductive path in epoxy
composites.

2. The out-of-plane thermal conductivity of SRGO/
epoxy composites becomes larger when the reduc-
tion degree of SRGO flakes increase. However,
with higher reduction degree, the content of
oxygen-containing functional groups connecting
SRGO flakes and epoxy matrix decreases, and the
interfacial gaps between SRGO flakes and epoxy
resin increase. So the thermal conductivity of
SRGO/epoxy composites does not change dramatic-
ally with that of SRGO flakes. To explain the vari-
ation trend of thermal conductivity of composites,
thermal transfer models of epoxy composites chan-
ging with the increase of filler content and reduction
degree are built in this article.

3. SRGO flakes with high reduction degree is better
suitable as the filler of polymer composites and are
expected to improve the thermal conductivity of
SRGO/polymer composites substantially at low
filler content. When taking SRGO1000 as filler, Jo

of SRGO/epoxy-1.0, SRGO/epoxy-2.7, and SRGO/
epoxy-5.4 composites, respectively, can reach 0.259,
0.409, and 0.674W/m�K, which is 173%, 273%, and
450% times of the pure epoxy resin.

Highlights

. SRGO with higher reduction degree better enhances
thermal conductivity of composites.

. Interfacial gaps between SRGO and epoxy increases
when reduction degree increases.

. Compared with GO particles, SRGO flakes present a
more effective dispersion in epoxy.

. Composite models changing with reduction degree
of SRGO and filler content are built.
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