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ABSTRACT: Acrylonitrile-butadiene-styrene resin (ABS)/
graphene nanocomposites were prepared through a facile
coagulation method. Because the chemical reduction of
graphene oxide was in situ conducted in the presence of
ABS at the dispersion stage, the aggregation of the graphene
nanosheets was avoided. It was shown by transmission
electron microscopy that the graphene nanosheets were
selectively located and homogeneously dispersed in the
styrene-acrylonitrile (SAN) phase. The electrical conductivity
and linear viscoelastic behavior of the nanocomposites were
systematically studied. With increasing filler content, graphene
networks were established in the SAN phase. Consequently, the nanocomposites underwent a transition from electrical insulator
to conductor at a percolation threshold of 0.13 vol %, which is smaller than that of other ABS composites. Such a low percolation
threshold results from extreme geometry, selective localization, and homogeneous dispersion of the graphene nanosheets in SAN
phase. Similarly, the rheological response of the nanocomposites also showed a transition to solid-like behavior. Due to the
thermal reduction of graphene nanosheets and structure improvement of graphene networks, enhanced electrical conductivity of
the nanocomposites was obtained after annealing.
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1. INTRODUCTION

It is well-known that polymer composites containing
conductive fillers, such as carbon nanotube (CNT),1 carbon
fiber,2 and carbon black (CB),3 become conductive when the
filler loading exceeds a critical value, named percolation
threshold in terms of percolation theory,4,5 due to the
formation of conductive networks. Depending on the geometric
structure and dispersion of the fillers, the conductive networks
establish in a wide concentration range. Du et al. prepared
poly(methyl methacrylate) (PMMA)/multiwall carbon nano-
tube (MWNT) composites with a low electrical percolation
threshold of 0.39 wt %.6 In contrast, PMMA/CB composites
exhibit a percolation value of 13.0 wt %.3 Unfortunately, large
contents of conductive fillers usually lead to poor processability
and mechanical performance. In order to preserve the
mechanical properties and processing ease of the composites,
a low percolation threshold is indispensable. Ongoing studies
on formation of the conductive networks have demonstrated
that addition of the conductive fillers with large aspect ratio,
such as fibers and sheets, and to locate the fillers in one
polymer phase or even better at the interphase of the
immiscible blends are pretty effective strategies.7−17

The aspect ratio of the fillers is the most important factor
affecting the percolation threshold. Irrespective of the
entanglement of the fillers, the percolation threshold would
decrease with increasing aspect ratio. The positive effect of
aspect ratio can be explained by the excluded volume theory.7−9

The excluded volume is defined as the volume around an object
into which the center of another similar object is not allowed to
enter if interpenetration of the two objects is to be avoided. In
case that the actual volume of the object is invariant, the higher
aspect ratio induces the larger excluded volume, and thus
lowers the percolation threshold. In fact, Bai et al. reported a
decrease of percolation threshold from 4 to 0.5 wt % relating to
an increase of the CNT aspect ratio from 8 to 420.10 Li et al.
also proposed that if the CNT aspect ratio is too low a very
high CNT content is needed to form the conductive networks,
no matter how the CNT dispersion state is.11

Graphene, which was experimentally prepared by Novoselov
et al. at the earliest in 2004, is a two-dimensional monolayer or
few-layer carbon material.18 It has attracted enormous attention
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due to its excellent mechanical, thermal, electrical properties,
and large aspect ratio. The extreme geometry of graphene
makes it favorable to form networks at low filler content. To
date, various polymer/graphene conductive nanocomposites
have been reported. Using coagulation method, PS/graphene
nanocomposites were prepared by Stankovich et al., and
exhibited a very low electrical conductivity percolation
threshold of ∼0.1 vol %.19 Graphene nanosheets begin to
form conductive networks in polyethylene terephthalate
(PET)/graphene nanocomposites at a critical value of 0.47
vol %, much lower than that in PET/graphite composites at 2.4
vol %.20

Another practical method to lower the electrical percolation
threshold is to incorporate conductive fillers into immiscible
polymer blends. In this case, the electrical conductivity
predominantly depends on the morphology of the blend and
distribution of the filler, which relies on the affinity of the filler
to the polymers, the processing history, and the post-treatment.
When the filler preferentially resides in one phase or at the
interphase of the blend, meanwhile the filler-rich phase is
continuous throughout the polymer blend, the percolation
threshold would appear a low value. This has been called
double percolation phenomenon, i.e., filler percolation and
phase percolation.13 Gubbels et al. prepared cocontinuous
polyethylene (PE)/polystyrene (PS) blends in which CB
particles tended to localize in the PE phase.14,15 Compared
with the percolation threshold of 8 wt % for PS/CB and 5 wt %
for PE/CB, the blends showed a lower critical value of 3 wt %.
Since the interactions between the CB surface and the polymers
were weak and nearly identical, the CB particles were located at
the interphase of the blends after a post-treatment. Con-
sequently, the percolation threshold was further reduced to 0.4
wt %, due to the decrease of the tortuosity of the polymer
phases and the interphase area after the post-treatment. Qi et al.
reported that graphene nanosheets selectively localized in PS
phase after PS/graphene nanocomposites were incorporated
with PLA, accordingly, resulting in a decrease of percolation
threshold from ∼0.33 to ∼0.075 vol %.16

No matter from applied or theoretical points of view,
rheological properties of composites are very important.
Rheological methods have been widely used to study polymer
composites, since the viscoelastic behavior is highly sensitive to
the microstructure of the composites melt, the dispersion state
of fillers, and the interactions between fillers and polymer
matrices. In the linear viscoelastic regime, where the structure
of the material is supposed to remain almost unchanged, the
incorporation of fillers makes a great impact on the viscoelastic
properties, including storage modulus G′, loss modulus G″,
complex viscosity η*, and loss tangent tan δ, especially in low
frequency range. Solomon et al. reported that polypropylene/
clay hybrid materials exhibited apparent low-frequency plateaus
in the linear storage modulus when the inorganic loading was
2.0 wt % or more.21 Ren et al. observed a transition to solid-like
behavior at low frequencies in polystyrene−polyisoprene block
copolymer based layered-silicate nanocomposites.22 Many
other researchers also reported this nonterminal viscoelastic
rheological behavior in polymer composites incorporated with
other fillers, such as CNT,6 graphene,23 and so on. This
nonterminal solid-like behavior has been attributed to the
percolated filler networks, penetrating throughout the polymer
matrix.
Acrylonitrile-butadiene-styrene resin (ABS), consisting of

styrene-acrylonitrile copolymer (SAN) phase and polybuta-

diene (PB) phase with sea−island structure, is a widely used
thermoplastic copolymer, due to its excellent mechanical
properties and chemical resistance. Electrically conductive
blends of ABS and other polymers with selective localization
of fillers have been reported, exhibiting excellent electrical
properties in contrast to the composites with single polymer
phase.24,25 However, to our knowledge, few works on the
selective localization of fillers in the SAN phase are reported.
This work is aimed to prepare ABS/graphene nanocomposites
with selective localization of graphene in SAN phase through a
facile coagulation method. The dispersion of graphene
nanosheets in the nanocomposites and electrical and
rheological properties of the nanocomposites were systemati-
cally examined. The influence of thermal annealing on electrical
properties of the nanocomposites was also investigated.

2. EXPERIMENTAL SECTION
2.1. Materials. Natural flake graphite (NG) with an average size of

180 μm and a purity of >99% was supplied by Beijing Invention
Biology Engineering & New Material Co., Ltd., China. Acrylonitrile-
butadiene-styrene resin (ABS), a commercial product (PA-757 K)
consisting of 21.0 vol % (∼19.5 wt %) SAN-grafted PB rubber, was
obtained from Zhenjiang Chi Mei Chemical Co., Ltd., China. The Tg
of SAN phase and PB rubber are +111.6 and −80.9 °C, respectively.
Potassium permanganate (KMnO4, AR − analytical reagent grade),
sodium nitrate (NaNO3, AR), hydrogen peroxide (H2O2, 30% aq.),
sulfuric acid (H2SO4, 98%), hydrochloric acid (HCl, 35% aq.), barium
chloride (BaCl2, AR), hydrazine hydrate (N2H4·H2O, 80% aq.), and
dimethylformamide (DMF, AR) were all used as received.

2.2. Preparation of Graphite Oxide and Graphene Oxide
Nanosheets. Graphite oxide (GO) was prepared by a modified
Hummers method from natural flake graphite.26 Typically, 8 g of
graphite and 6 g of NaNO3 were mixed with 600 mL of H2SO4 in a
flask under vigorous stirring in an ice bath. When the mixture cooled
to 3−4 °C, 36 g of KMnO4 was added slowly within 0.5 h while
keeping the temperature of the mixture below 10 °C. After it was
stirred for another 2.5 h, the mixture was moved into a water bath at
35 °C and maintained for 24 h. Then, 1200 mL of deionized water was
dripped into the flask in 1 h, causing an increase of temperature to 96−
98 °C. After the mixture cooled to 60 °C under ambient condition, 80
mL of H2O2 was added. Finally, the resultant mixture was filtered and
washed with dilute HCl until no sulfate could be detected by BaCl2
solution, followed by dialysis in deionized water for one month. GO
was collected after dried in vacuum oven at 60 °C for 24 h before use.

The dried GO was dispersed in DMF. Stable suspension of
graphene oxide nanosheets in DMF was prepared through ultrasonic
exfoliation of GO under a power of 300 W for 2 h.

2.3. Preparation of ABS/Graphene Nanocomposites. Coagu-
lation method was applied to prepare the ABS/graphene nano-
composites. Briefly, ABS particles were added into the suspension of
graphene oxide nanosheets in DMF under stirring. After ABS was
dissolved, reduction of graphene oxide was performed with N2H4·H2O
(the weight ratio of N2H4·H2O to graphene oxide was 1:1) under
stirring at 90 °C for 4 h. Afterward, the admixture was gradually
poured into a stirring bath containing large volume of deionized water,
and the nanocomposite was coagulated and precipitated. The
precipitate was filtered, washed repeatedly with deionized water, and
finally dried in vacuum oven at 80 °C for ∼24 h. Testing specimens of
the ABS/graphene nanocomposites were prepared by compression
molding in a vacuum hydraulic hot press at 10 MPa and 210 °C with a
fixed dwell time of 10 min. Disk specimens (Φ25 mm × 1 mm) were
used for rheology tests and rectangle ones (20 mm × 15 mm × 1 mm)
for resistance measurements. Thermal annealing treatment of the
specimens was conducted at 210 °C under 10 MPa for varied time. To
convert loading of graphene from weight to volume fraction, the
density used here is of 2.2 g/cm3 for graphene and 1.05 g/cm3 for
ABS.
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2.4. Characterization. Transmission electron microscopy (TEM,
JEM-2100, JEOL, Japan) was used to characterize the microstructure
of graphene oxide nanosheets and the dispersion of graphene in the
ABS nanocomposites. Graphene oxide suspension was dripped onto
copper grids for observation. The ABS nanocomposites were
cryogenically cut into ultrathin sections using a Leica microtome at
−100 °C, collected to copper grids, and stained with 1.0 wt % OsO4

aqueous solution at 25 °C for 8 h.
Atomic force microscopy (AFM) images were obtained using a DI

Multimode 8 scanning probe microscope from Bruker Corporation of
Germany. The microstructure of graphene oxide nanosheets was
observed in tapping mode under ambient conditions at a scanning rate
of 1 Hz. Samples for AFM images were prepared by dripping graphene
oxide suspension onto a freshly cleaved mica surface, allowing free
evaporation of the solvent in the open air.
Rheological measurements were performed at 210 °C on a stress-

controlled rheometer (AR2000 ex, TA Instruments, USA) equipped
with Φ25 mm parallel plate geometry and 1 mm sample gap. The
sample chamber was purged by a continuous flow of nitrogen gas in
order to avoid degradation of the nanocomposites. To determine the
linear viscoelastic regime, strain sweep experiments were carried out at
an angular frequency of 1 rad/s. Based on the results, an appropriate
strain amplitude of 0.3% was applied for oscillatory frequency sweep
from 0.02 to 200 rad/s.
The direct current resistance of the nanocomposites was measured

by a semiconductor characterization system (Keithley 4200-SCS,
Keithley Instruments Inc., USA) using the two-probe method at room
temperature. Before testing, silver paste was coated on the two ends of
the sample to reduce the contact resistance between the samples and
the probes. The electrical conductivity σ was obtained from eq 1:

σ
ρ

= =1 d
RS (1)

where ρ is the electrical resistivity, d the thickness of the samples, R the
electrical resistance, and S the cross section area of the sample.

X-ray photoelectron spectroscopy (XPS) measurements were
conducted by an ESCALab220i-XL electron spectrometer from VG
Scientific with 300W Al Kα radiation. The base pressure was about 3 ×
10−9 mbar. The binding energies were referenced to the C 1s line at
284.8 eV from adventitious carbon. XPSpeak 3.01 software was used to
resolve overlapping peaks and to calculate the atomic concentration
ratio.

3. RESULTS AND DISCUSSION

3.1. Characterization of Graphene Oxide Nanosheets.
TEM and AFM images of graphene oxide nanosheets are
shown in Figure 1. Apparently, both of the images showed the
ultrathin thickness and the wide size distribution of graphene
oxide nanosheets prepared in this research. AFM image of
graphene oxide nanosheets displayed a height of ∼0.9 nm,
which is much larger than the theoretical height of 0.335 nm of
graphene. The oxygen-containing groups on the surface of
graphene oxide nanosheets are responsible for the larger height.
Both the TEM and AFM images suggest the full exfoliation of
GO in the ultrasonically treated dispersion.

3.2. Dispersion of Graphene Nanosheets in the
Nanocomposites. ABS/graphene nanocomposites were pre-
pared through coagulation method, which may make graphene
nanosheets distributed mainly in the SAN phase since the
rubber phase is insoluble in DMF. In order to clearly observe
the dispersion of graphene nanosheets, TEM was carried out
for the nanocomposite. As shown in Figure 2a, the stained PB
granules were interspersed in the SAN phase, and no graphene
aggregates were observed. In Figure 2b,c, the dark lines are the

Figure 1. TEM (a) and AFM (b) micrographs of graphene oxide nanosheets.

Figure 2. TEM micrographs of ABS nanocomposite with 2.33 vol % graphene loading: (a) low magnification (the irregular circles with diameter of
ca. 2 μm are the micropores of carbon film on the copper grids) and (b, c) high magnification. The black granules are the PB phase islands.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501843s | ACS Appl. Mater. Interfaces 2014, 6, 12252−1226012254



cross sections of graphene nanosheets. The wrinkled graphene
nanosheets were homogeneously dispersed throughout the
SAN phase, which suggests that the SAN chains had effectively
prevented the aggregation of graphene nanosheets during
reduction. Besides, it is difficult to see any graphene nanosheets
in the PB phase; that is to say, most graphene nanosheets were
selectively located in the SAN phase. It has been reported that a
strong π−π stacking interaction exists between aromatic
organic molecules and the basal plane of graphite.27 The
interaction can prevent graphene from aggregation during
chemical reduction and migration from the SAN phase which
contains aromatic phenyl groups to the PB phase during hot-
compression. Therefore, the excellent dispersion and selective
localization of graphene nanosheets should be attributed to the
preparation method and the strong π−π interaction between
graphene and the phenyl rings of SAN chains. In addition, it
was found that continuous graphene networks were formed in
the matrix, providing pathways for electron transportation, as
discussed later in detail.
3.3. Electrically Conductive Networks. As mentioned

above, the conductivity transition for polymer composites is a
consequence of the formation of conductive networks. At low
loading, the graphene nanosheets disperse separately from each
other in the SAN phase. With increasing the graphene content
to exceed the percolation threshold, lots of graphene
nanosheets get close enough to each other to form conductive
paths for electron hopping, and then networks throughout the
matrix for electron transportation.
Figure 3a displays the electrical conductivity dependence on

graphene loading for the ABS/graphene nanocomposites. It is
evidenced that the electrical conductivity strongly depended on
the graphene content. At the graphene content of 0.24 vol %,
the conductivity was 7.1 × 10−6 S/m, which already exceeds the
common antistatic criterion 10−6 S/m. With an increase of
graphene loading to 0.48 vol %, the electrical conductivity
quickly rose to 4.3 × 10−4 S/m. Above 0.48 vol %, it showed a
gradual increase with 8.5 × 10−3 S/m at 0.95 vol % and 0.1 S/m
at 2.33 vol %.
Above the percolation threshold, the electrical conductivity

of the nanocomposites σc can be treated with the power law:

σ σ φ φ φ φ φ= − − >[( )/(1 )] fort
c f p p p (2)

where σf is the conductivity of the filler, φ the filler volume
fraction, φp the percolation volume fraction, and t the universal
critical exponent revealing the dimensionality of the conductive
networks.19,28 The linear fit to the log−log plot of conductivity
versus (φ − φp)/(1 − φp) (inset in Figure 3a) resulted in φp =
0.13 vol %, σf = 104.53±0.39 S/m, and t = 3.24 ± 0.17. To the best
of our knowledge, the percolation threshold obtained here is
one of the lowest values for ABS composites incorporated with
various fillers.29−33 In comparison, SAN/graphene nano-
composites were prepared through the same method. As
shown in Figure 3b, the electrical conductivity of SAN/
graphene nanocomposites exhibited a higher percolation
threshold of 0.17 vol %. It indicates that the selective
localization of graphene nanosheets does make contribution
to lowering the percolation threshold. The percolation
threshold of graphene nanosheets in SAN phase of ABS was
calculated through division of the threshold in ABS resin 0.13
vol % by the content of SAN phase 79.0 vol %. As a result, a
value of 0.16 vol % was obtained, which was in accordance with
that in SAN/graphene nanocomposites. This confirms the

selective localization of graphene in SAN phase indirectly. Such
a low percolation threshold is believed to be derived from the
extreme geometry, excellent dispersion, and selective local-
ization of the graphene nanosheets in SAN phase.
The t value of three-dimensional (3D) random percolation

has been predicted in the range of 1.5 to 2.0, which is accepted
as a universal value.34 However, a higher value of t (3.24) for
ABS/graphene nanocomposites was obtained here, as pre-
viously reported 2.74 for PS/graphene,19 4.22 for PET/
graphene,20 4.18 and 4.04 for PC/graphene,35 and 3.47 for
PMMA/graphite nanosheets,36 displaying nonuniversality. It
has been demonstrated that the t values are higher for the
conductive fillers with extreme geometry.4,34 Supposing that
graphene nanosheets can be regarded as disks with average
diameter D and thickness h, the average aspect ratio Af of
graphene nanosheets, which is defined as the ratio of D to h,
can be calculated by the following equation:37

φ

φ
= =A

D
h

3

2f
sphere

p (3)

where φsphere = 0.29 is the percolation threshold of random
packed 3D interpenetrating spheres37,38 and φp here is the
conductive percolation threshold of graphene nanosheets in
SAN phase. As a result, an average aspect ratio of approximate
272 was obtained for the graphene nanosheets prepared in this
work. Such a great aspect ratio leads to the higher value of t and
a different transport behavior.

Figure 3. Electrical conductivity σc of the ABS/graphene nano-
composites (a) and SAN/graphene nanocomposites (b) as a function
of graphene loading. The insets are log−log plots of σc versus (φ −
φp)/(1 − φp).
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3.4. Rheological Networks. It has been mentioned that, in
the linear viscoelastic regime, the filler networks can be
detected through the variation of the complex viscosity η*,
storage modulus G′, loss modulus G″, and loss tangent tan δ
with frequency. In order to elucidate the formation of graphene
networks in the ABS matrix, the dynamic oscillatory rheology
properties of the nanocomposites melt were characterized at
210 °C.
For determining the linear viscoelastic regime, strain sweep

experiments were performed at an angular frequency of 1 rad/s
for all the nanocomposites. Figure 4 depicts the storage

modulus G′ as a function of strain amplitude γ. In the low strain
range, G′ showed no strain-dependence, revealing a linear
viscoelastic regime. Whereas with increasing strain, a
pronounced reduction of G′ was observed, which is known as
Payne effect in the filled elastomer systems.39,40 Payne effect,
which has been studied extensively in the recent years, was
mainly explained by the breakdown of the filler networks
formed in the matrix above the percolation threshold.41 For the
ABS/graphene nanocomposites in our work, the existence and
breakage of graphene networks at high loadings is responsible
for the nonlinearity of G′ at large deformation. With increasing
strain, the graphene networks were destroyed, resulting in the
decline of G′. The critical strain (γc), defining the boundary of
the linear viscoelastic regime, was determined by calculating
where G′ deviates 10% from the plateau. The higher graphene
loading is, the more complete the graphene networks form.
Consequently, the γc value showed a shift toward lower values
as graphene content increased. The dependence of γc on
graphene loading is plotted in the inset of Figure 4. It is clear
that the value of γc was almost unchanged at very low loading of
graphene (0.048 vol %), whereas with increasing graphene
content, a rapid decline of γc before 0.24 vol % and a moderate
decline after 0.24 vol % appeared successively. This is similar to
the tendency of electrical conductivity dependence on graphene
loading, indicative of the network percolation behavior.
Based on the results obtained from the strain sweeps,

frequency sweeps were performed at a strain amplitude of 0.3%
from 0.02 rad/s to 200 rad/s. Figure 5 gives the dependence of
storage modulus G′ and loss modulus G″ on angular frequency
ω for the pure ABS and its nanocomposites. By comparison
with the linear viscoelastic response of the pure ABS, a
substantial effect of graphene nanosheets was evidenced in the

nanocomposites. With increasing graphene content, both G′
and G″ of the nanocomposites were significantly enhanced and
became less dependent on ω throughout the test range. The
diminished dependence on ω indicates that the nano-
composites gradually showed solid-like behavior, which is
attributed to the formation of graphene networks.42,43

It is obvious that, in the low frequency regime, a plateau in
G′-ω plot was approached for all the samples, indicative of
nonterminal behavior. And with increasing graphene content,
the plateau extended to a higher ω. Namely, the nonterminal
behavior became more and more pronounced. What is different
from other reports is that the pure ABS possessed a
nonterminal behavior.43−45 Münstedt has demonstrated that
in rubber-modified polymer melt the yield stress, which was
manifested by a plateau in G′-ω plot, resulted from the
agglomeration of rubber particles.46 In addition, the ABS resin
here was prepared through copolymerization of styrene and
acrylonitrile in the presence of PB particles, so the nonterminal
behavior of ABS resin was also related to the interfacial
boundaries between the SAN and the PB phase domains.47,48

In the filled polymer systems, the nonterminal behavior has
been attributed to 3D percolated networks.1,6,22,43,45 Therefore,
in our ABS/graphene nanocomposites, the low frequency
plateau is the cooperation of the ABS resin itself and the
formation of graphene networks in SAN. For the low graphene
loading nanocomposites, the solid-like behavior mainly results
from the ABS matrix itself, whereas as the graphene content
increases to the rheological percolation threshold, which is
different from the conductive value previously due to the
different distance needed for the percolation phenomenon,1,6

Figure 4. Storage modulus G′ of ABS and its graphene nano-
composites as a function of strain amplitude at 210 °C. The inset is the
plot of critical strain γc versus graphene loading. Figure 5. Storage modulus G′ (a) and loss modulus G″ (b) of ABS

and its graphene nanocomposites as a function of angular frequency ω
at 210 °C.
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graphene networks will form and begin to play an important
role. Since the rheological properties in the low frequency
regime are regarded to reflect the long-range motion of
polymer chains, the nonterminal behavior means that the long-
range motion is hindered, resulting in incomplete relaxation of
polymer chains. In clay filled systems, the hindrance of clay
networks was explained by the physical jamming effect of the
dispersed layered silicates with anisotropic disk-like struc-
ture.22,49 Considering that the geometric structure of the
graphene nanosheets is similar to that of the clay, the physical
jamming effect is proposed to account for the motion
retardation. From the TEM micrographs of the 2.33 vol %
nanocomposites, graphene nanosheets were randomly dis-
persed in the continuous SAN phase and 3D networks formed.
In the networks, graphene nanosheets are difficult to rotate or
tumble freely due to the hindrance of the neighboring ones.
Consequently, the motion of polymer chains is restrained in the
confined region of the nanosheets, inducing the incomplete
relaxation and nonterminal behavior.
Evidence of the formation of the percolated graphene

networks can also be seen in Figure 6, where the variation of G′

and G″ with frequency was compared for the pure ABS and the
nanocomposites containing 0.24 and 2.33 vol % of graphene
(nanocomposites of other graphene contents are not shown
here for easy reading). It is observed that the G′-ω and G″-ω
double-logarithmic plots of pure ABS intersected with each
other; but with increasing graphene content, the intersection
gradually disappeared. G′ became higher than G″ at 0.24 vol %
of graphene, and much higher at 2.33 vol %. Larson has clarified
the correlation between G′ and G″ in typical liquid-like and
solid-like materials.50 For liquid-like behavior, G′ < G″ is
expected, while on the contrary the prospective result G′ > G″
can be observed for solid-like behavior. Therefore, the growing
gap between G′-ω and G″-ω plots with graphene content
suggests that the solid-like behavior became more and more
prominent, due to the formation and improvement of the
graphene networks.
The effect of graphene nanosheets on the complex viscosity

is shown in Figure 7a. The values of complex viscosity increased
in the whole frequency range with graphene content, along with
more pronounced shear-thinning behavior. Additional insight
into the impact of structure evolution with graphene content on
the viscoelastic properties can be obtained from the loss
tangent, tan δ, where δ is the phase angle. Tan δ is a measure of
damping characteristics of the materials. As shown in Figure 7b,

tan δ decreased with graphene content, indicating that the
nanocomposites exhibited more solid-like elastic behavior due
to the hindrance of graphene networks to energy dissipation.

3.5. Enhancement of Electrical Conductivity by
Annealing. The nanocomposites were annealed for varied
time at the same condition as compression molding (210 °C,
10 MPa) and the electrical conductivity were measured. As
shown in Figure 8, the electrical conductivity of the
nanocomposites was enhanced. For example, after 8 h
annealing, the electrical conductivity increased by almost 1
order of magnitude from 7.1 × 10−6 to 7.0 × 10−5 S/m for the

Figure 6. Comparison of storage modulus G′ (solid symbols) and loss
modulus G″ (hollow symbols) at different graphene loadings.

Figure 7. Complex viscosity η* (a) and loss tangent tan δ (b) of ABS
and its graphene nanocomposites as a function of angular frequency ω
at 210 °C.

Figure 8. Enhancement of electrical conductivity by annealing
treatment as a function of annealing time.
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0.24 vol % nanocomposite; for the 0.48, 0.95, and 2.33 vol %
nanocomposites, the conductivity increased by 8.9, 3.4, and 2.9
folds, respectively. The increase of electrical conductivity of
ABS/graphene nanocomposites can be attributed to the further
reduction of graphene and self-improvement of graphene
networks during the annealing treatments.
The reduction of graphene oxide by hydrazine hydrate was

incomplete, and some oxygen containing groups still existed on
the graphene nanosheets. During thermal annealing at high
temperature, these groups would undergo thermal degradation,
resulting in further reduction. The change of C/O ratio during
the annealing treatment was characterized by XPS. As shown in
Figure 9, the C/O ratio of the graphene increased from 7.3 to

8.3 and 9.3 after thermal annealing for 1 and 3 h respectively,
while further treatments made no evident impact. The increase
of C/O ratio indicates that structure of graphene was further
restored during thermal annealing, leading to an increase of
electrical conductivity of graphene. As a result, the electrical
conductivity of ABS/graphene nanocomposites was enhanced.
On the other hand, in CB and CNT filled polymer systems, it
has been found that the dispersion of the fillers was not
thermodynamically stable.51−53 The unstable hybrid structure
would most likely undergo gelation and network formation
rather than macroscopic phase separation at the temperature
above the glass transition or melting point of the matrix.50,53

After annealing treatments, CB particles dispersed in polymer
matrix were easy to aggregate and generally form networks
during isothermal treatments, hence, several orders of increase
in electrical conductivity for polymer/CB composites was
made.51,52 For polymer/CNT systems, electrical conductivity of
the composites was also enhanced after annealing treatments,
which resulted from further evolution of the CNT networks.53

Similarly, graphene networks in the polymer matrix was also
not in thermodynamic equilibrium state and could be further
improved through annealing treatment. Kim et al. reported that
the storage modulus of PC/graphene nanocomposites
increased with time during dynamic time sweeps, which was
attributed to the improvement of graphene networks.37

Therefore, the thermal reduction of graphene and self-
improvement of graphene networks cooperate to benefit the
electrical conductivity of ABS/graphene nanocomposites.
As shown in Figure 8, the increase of electrical conductivity

by annealing was less pronounced for the nanocomposites with
high graphene content, which may arise from the insensitivity
of the conductivity to the conductive networks at high loadings.

It is well-known that the excess of conductive fillers has little
effect on the electrical conductivity when there are sufficient
networks for electron transportation. Therefore, though the
annealing treatment improved the network structure, it made
no striking enhancement to the electrical properties at high
loadings.

4. CONCLUSIONS
In an effort to localize graphene nanosheets in SAN phase of
ABS, a facile solution coagulation method was used with DMF,
a solvent which can dissolve the continuous SAN phase only.
The graphene nanosheets were obtained in situ in the solution
and thus controlled to reside in SAN phase homogeneously.
This dispersion state of graphene nanosheets, united with the
extreme geometry, makes it easy to form graphene networks
penetrating throughout the polymer matrix. As a result, the
nanocomposites displayed an electrical percolation threshold as
low as 0.13 vol %. At graphene loading of 0.24 vol %, the
electrical conductivity has exceeded the antistatic criterion 10−6

S/m. At 2.33 vol %, the conductivity was increased to 0.1 S/m.
Similarly, the linear rheological properties of the nano-
composites melt were also influenced obviously by the
incorporation of graphene. With increasing graphene content,
the melt mechanical modulus and viscosity were enhanced.
Under the contribution of the graphene networks, the
nanocomposites made a transition to solid-like behavior.
Though the graphene networks were established during
processing, they were not thermally and thermodynamically
stable. Through annealing at 210 °C, graphene nanosheets were
further thermally reduced, and the structure of graphene
networks was improved. As a result, an enhancement of
electrical conductivity was obtained for the annealed nano-
composites.
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