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ABSTRACT: Composites made of polyethersulfone (PES)
reinforced with exfoliated graphite nanoplatelets are
fabricated by melt mixing, polymer solution, and coating.
Coating is an efficient compounding method emphasized
in this research, where expanded graphite (EG) and PES
powder are premixed in isopropyl alcohol using sonication
to disperse the EG by coating individual PES powder
particles. The microstructure and property of EG/PES
composites were investigated by X-ray diffraction, scan-
ning electron microscope, thermal gravimetric analysis,
differential scanning calorimetric, and electronic tensile
tester. The electrical conductivity was confirmed using
electrochemical tester. It is found that the coating method
is more effective than the polymer solution and directly
melt mixing methods widely used, in terms of increasing

the electrical conductivity and lowering the percolation
threshold of thermoplastic composites, and enhancing the
probability that the large platelet morphology of EG can
be preserved in the final composite. The research reported
here provides an understanding on how the compounding
method used during the fabrication of composites is
important to achieving the optimal mechanical properties,
thermal properties, electrical conductivity, and percolation
threshold. This method should have wide applicability to
all thermoplastic matrix composite systems. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 124: 3547–3557, 2012
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INTRODUCTION

Composites of polymers reinforced with conductive
fillers of nanometer size, in at least one dimension,
have generated enormous interest for its possible
implementation in a myriad of devices. These include
light electromagnetic shielding, corrosion resistant
coatings, and other functional applications.1–3 The
most common conductive reinforcements used are
natural graphite flake, carbon black, carbon nano-
tubes, and metal powders. Among these, natural
graphite may be preferred over other conventional
nanofillers owing to high surface area, aspect ratio,
thermal conductivity, and electrical conductivity
(about 104 S/cm at ambient temperature).4 In most
cases, relatively large quantities of graphite were
needed to reach a critical percolation value. However,
large quantity of graphite could lead to materials

poor mechanical properties and high density of
composite. Therefore, it is still a challenging work
to obtain polymeric composites with superior
properties with a quite low filler addition, in which
processing methods in composites fabrication play an
important role.2

Graphite shows layered crystal structure and the
d-spacing between the carbon layers is 0.335 nm. As
the van der Waals forces within the carbon layers
are relatively weak, it is possible for a wide range of
atoms, molecules, and ions to intercalate between
graphite layers to form the graphite intercalation
compounds (GICs). Expanded graphite (EG) is gen-
erally produced by subjecting H2SO4-GICs to rapid
thermal treatment. EG was developed and proposed
by Aylsworth5 as reinforcement of polymers, pheno-
lic resins in particular, in 1910s. The incorporation of
intercalated graphite into an organic by using con-
ventional processing techniques, such as extrusion,
lay-up, injection molding, and pressing, was pro-
posed by Lincoln and Claude6 in 1980s. Since then,
research has been conducted on exfoliated graphite
reinforced polymers using graphite particles of vari-
ous dimensions and a wide range of polymeric com-
posites, such as EG/PMMA,7 EG/PA-6,8 EG/PE,9
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EG/Nylon 6,10 EG/polystyrene (PS),11,12 EG/aro-
matic polydisulfide,13 and EG/poly(phenylene sul-
fide) (PPS),14 have been extensively reported. In all
the cases, the objective is to find the optimum proc-
essing method that will utilize graphite’s superior
properties and lead to composites with the desired
properties. The processing methods used for graph-
ite–polymer composites are similar to the ones used
for clays as both materials have a layered structure.
However, because they are chemically different,
some modifications are required. Once the graphite
is exfoliated (ex situ process), then the composites
can be made by: (i) direct mixing, often used in case
of low viscosity thermoset matrices.15 (ii) Melt com-
pounding, a method used mainly with polyolefins,
i.e., exfoliated graphite/high-density polyethylene
(HDPE)16 and graphite/PS using a Brabender
mixer,17 graphite/nylon 6,6/ and graphite/polycar-
bonate using a twin screw extruder.18 (iii) Solution
intercalation, a method utilizing a solvent to dissolve
the polymer and disperse the graphite. The solvent
is evaporated once the mixing is completed. Compo-
sites made by the solution approach are graphite/
poly(methyl methacrylate) (PMMA) using chloro-
form as solvent,19,20 and graphite/maleic anhydride-
grafted polypropylene in the presence of xylene.21

This processing method results in composites with
higher electrical conductivity and lower percolation
threshold compared to composites made from the
exactly same materials using the melt-mixing tech-
nique.21 (iv) In situ polymerization, where the mono-
mer is polymerized in the presence of monomer, ini-
tiator, and graphite nanosheets.22 (v) Electrospinning
of nanoscale fibers using polymer solution and melts
at ambient conditions. If the graphite is not exfoliated
before fabricating the composite, then an in situ exfoli-
ation process can be used such as: (vi) polymerization
filling technique, where in situ polymerization occurs
in the presence of initiator-intercalated graphite,23 it is
found that graphite/polymer composites fabricated by
this method have better properties compared to com-
posites made by melt mixing method.

In summary, composites made by in situ process-
ing have better mechanical properties compared to
composites made by melt-mixing or other ex situ fab-
rication method due to better dispersion, prevention
of agglomeration, and stronger interactions between
the reinforcement and the polymer. In-situ exfolia-
tion can also be achieved during melt mixing; how-
ever, since the temperature required for exfoliation
is � 230�C, only polymers that can be processed at
high temperatures without being degraded can be
used for in situ fabrication of composites.

Polyethersulfone (PES) is a typical engineering
polymer that shows exceptional mechanical proper-
ties and good dimensional stability. Its high deflec-
tion temperature of about 450�C, flame retardancy,

and resistance to any solvents below 200�C endow it
many special applications, such as electronics, auto-
motive industry, and heat detector. Although much
effort has been devoted to improve the mechanical
and thermal properties of PES,24 little information is
available for the PES-based conductive materials. In
this regard, EG/PES composites were prepared in
this work via different processing methods.
The focus of this research is to explore how the
compounding method used to fabricate EG/PES
composites alter their properties. The composites are
fabricated by melt mixing or polymer solution
method followed by compression or injection mold-
ing and their flexural properties, thermal properties,
electrical conductivity, and percolation threshold are
determined. A new compounding method, the
coating of PES with EG by sonication in presence of
isopropyl alcohol (IPA), is proposed as an alterna-
tive to the traditional melt-mixing method that
results in poor dispersion and agglomeration of the
reinforcements and to the commonly used polymer
solution method that is used to improve dispersion
and obtain electrically conductive polymer compo-
sites with low percolation threshold.

EXPERIMENTAL

Materials

PES was commercial product (injection grade),
supplied from BASF (Germany). The melt flow
index of the PES is 14 g/10 min measured according
to Chinese GB/T 3682-2000 standard (260�C, 2.16 kg,
1.0 mm). Expandable graphite with an expandable
volume of 200 mL/g, was supplied by Qingdao
Tianhe Graphite (Qingdao China).

Sample preparation

EG was obtained by heating the expandable graphite
in a muffle furnace at 950�C for 30 s. The detail pro-
cess has been described in our previous work.25 The
expanded graphite was immersed in a 95% of aqueous
alcohol solution and subjected to powdering in an ul-
trasonic bath for 2 h. The resulting suspension was
then filtered and dried in the vacuum oven at 60�C
for 12 h to obtain graphite nanosheets. PES was dried
under vacuum at 150�C for 24 h before compounding.

Processing of EG/PES composites

Three compounding methods were used to fabricate
the EG/PES composites. Melt mixing, which is sim-
ple and compatible with existing polymer processing
techniques such as extrusion and injection or com-
pression molding (CM); using a twin screw extruder
at 250�C with a screw speed of 100 r/min.
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The second compounding method uses large
amounts of solvents such as N,N-dimethylacetamide
(DMAc) and high temperatures that are neither
practical nor safe. However, to understand the effect
of fabrication method on the electrical conductivity
and percolation threshold of EG/PES composites a
modified version of the solution method proposed
by Shen et al.21 was used. EG was dispersed in
DMAc using sonication for 3 h, and the PES was
dissolved in refluxing DMAc at 120�C for 1 h. The
graphite suspension was added dropwise to the PES
solution and kept refluxing for another 2 h. When
the temperature dropped to about 70�C the solution
precipitated by addition of acetone, filtered, and
dried in vacuum oven. The resulting composite
powder was used for compression or melt mixing or
injection molding.

Coating of PES with graphite in presence of IPA is
an efficient compounding method proposed in the
work. The EG is first dispersed in IPA by sonication
for 3 h at room temperature, then PES powder is
added to above solution, and sonication is continued
for 1 h. Finally, the solvent is evaporated at 80�C
resulting in complete coverage of the powder par-
ticles with the EG. Alternatively, the IPA can be
recycled by using filtration and reused. Thus, this
new premixing method can be environmental friendly
and more cost and time effective compared to the so-
lution approach. The main advantage of this method
is that sonication breaks down the EG agglomerates
and the thick EG-IPA solution covers the PES particles
very efficiently resulting in a homogeneous EG-
coated PES powder that can be used for compression
or injection molding. Micrographs of the uncom-
pressed neat polymer powder, EG-coated PES at 2 wt
% are shown in Figure 1(a–c), respectively. It clearly
shows that EG has been exfoliated into thin sheets
and coated homogeneously on the PES surface.

Once the compounding was completed, the
composites standard specimens were made by melt
mixing or CM or injection molding for testing.

Characterization

Microscopy and structure

Morphologies of EG and EG/PES composites were
examined using a JEOL JSM-820 scanning electron
microscope (SEM). The fracture surfaces were gold
coated before SEM investigation to avoid charging
and were examined at 15 kV accelerating voltage.

X-ray diffraction

X-Ray diffraction (XRD) test was performed on com-
posites to evaluate the structure, and/or the degree
of expansion and exfoliation of graphite particles in
the composites. XRD was carried out on a Rigaku

D/max-1200X diffractometer with Cu Ka radiation
(k ¼ 0.15406 nm) with a scanning speed of 1.2�/min
and operating at 40 kV and 30 mA.

Thermogravimetric analysis

The thermal stability of materials was measured by
thermogravimetric analysis (TGA) on a Perkin–Elmer
TGA-7 instrument. The samples were gradually

Figure 1 SEM images of (a) PES particle (scale bar
10 lm), (b) 6 wt % EG-coated PES (scale bar 30 lm), and
(c) 6 wt % EG-coated PES (scale bar 10 lm). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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heated at a rate of 20�C/min from 30 to 700�C under
the N2 flow with a flow rate of 20 mL/min.

Differential scanning calorimetric analysis

Differential scanning calorimetric (DSC) analysis
was carried out on NETZSCH DSC-200PC under N2

atmosphere. Samples were heated from room tem-
perature to 320�C at a rate of 20�C/min and held at
that temperature for 10 min to eliminate the heat
history. The samples were then cooled to 50�C at a
rate of 100�C/min. After keeping at 50�C for 5 min,
samples were heated to 320�C at a rate of 20�C/min
again. The thermal parameters were obtained from
the cooling and reheating scans for the crystalliza-
tion and melting behavior of PES composites.

Tensile test

Tensile properties were tested on an INSTRON3365
electronic tensile tester with a computer controlling

system. The rate of crosshead motion was 10 mm/
min at 20�C. Five specimens of each composition
were tested, and the average values were reported.

Electrical conductivity

The conductivity (r) of PES and composites were
measured by electrochemical workstation (Solartron
1255B) at room temperature when the r was less
than 10�3 S/cm. The circular specimens with a di-
ameter of 10 mm and thickness of 2 mm were
placed between two gold test electrodes, and then
the resistance was measured. Removing the speci-
men, the resistance of test cell was measured again
under the same condition to obtain the reference
resistance The resistance of the specimen was
obtained by subtracting the reference resistance. The
resistivity or conductivity of the specimen was deter-
mined by the following equation:

q ¼ Rs
A

L
¼ ðRT � RBÞA

L
(1)

r ¼ 1

q
(2)

where q, r, A, and L are the resistivity, the conduc-
tivity, the cross-sectional area, and the thickness of
the specimen, respectively. RT, RB, and RS are total
resistance, reference resistance, and specimen’s
resistance, respectively. When r of the specimen
was greater than 10�3 S/cm, it was tested by SDY-4
four-probe instrument (Guangzhou, China).

RESULTS AND DISCUSSION

Flexural properties of EG/PES composites

Figure 2(a,b) shows the comparison of flexural
strength and modulus of EG/PES composites proc-
essed by (i) polymer solution mixing followed by
melt mixing and injection molding, (ii) melt mixing
and injection molding, and (iii) coating followed by
melt mixing and injection molding. It can be seen
that the flexural strength of pure PES is about
33 MPa and that the flexural strength of EG/PES
composites increased with increasing EG content.
The critical point at which the flexural strength
began to sharply increase was about 2–4 wt % EG
content. EG/PES composites (6 wt % of EG) pre-
pared by melt-mixing method shows the best value
of 39.4 Mpa and provides only � 19.4% increase in
flexural strength, whereas the solution mixing and
coating methods show the best value of 42.1 and
47.9 Mpa when 6 wt % EG was incorporated, which
shows increase of 27.6 and 45.2%, respectively, over
the pure PES. The maximum improvement by the
coating method can be correlated to the improved

Figure 2 Effect of compounding method and EG content
on the flexural strength (a) and flexural modulus (b) of
EG/PES composites. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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dispersion conditions due to the extra coating step.
Flexural modulus of EG/PES composites [Fig. 2(b)]
shows the similar trend to Figure 2(a). It can be seen
that the flexural modulus of EG/PES composites
prepared by coating method shows the highest value
among the three routes reported. The flexural modu-
lus of EG/PES composites increased with the
increasing of EG content. The critical point at which
the flexural modulus began to increase also was
about 4 wt % EG content. It should be noted that the
critical point for flexural strength and modulus to
increase was about 2–4 wt % EG content. Perhaps, it
corresponded to the point where the conductive
network was completely formed, which will be con-
firmed and discussed later. This indicated that the
variation trend of mechanical properties was corre-
lated with the threshold filler concentrations. Similar
phenomenon has been reported in the literature.2,26

In summary, the flexural strength and modulus of
EG/PES composites prepared by different methods
were higher than that of pure PES within the experi-
mental range of the EG content. Presumably, this is
due to the well dispersion of EG within PES matrix,
indicating a favorable reinforcement effect of EG to
PES. The EG/PES composites prepared by coating
method exhibited better flexural strength and modu-
lus than other two methods because coating method
can promote a better dispersion of EG nanosheets in
polymer matrix.

Morphology of EG/PES composites

The improvement in the physicochemical properties
of the composites depends on the distribution of
graphene layers in the polymer matrix as well as
interfacial bonding between the graphene layers and
polymer matrix. The morphology structure of poly-
mer composites is a very important characteristic
because it ultimately determines many properties of
the polymer composites, such as thermal stability
and mechanical properties. The fracture surfaces
examined in this work were obtained during flexural
testing. Agglomerates of EG are present in the sam-
ples made by melt mixing as shown by the arrows
in Figure 3(a,b). In addition, the SEM study revealed
that there are two distinguished types of morphol-
ogy in the melt-mixed samples: (i) areas with big EG
agglomerates, shown in Figure 3(a), and large flat
graphite platelets buckled and deformed that are
shown in Figure 3(b) and (ii) areas that are away
from the specimen edges where no EG or only very
small graphite particles can be seen on the surface
as indicated by the arrows in Figure 3(b). Based on
Figure 3(a,b) which are typical SEM images of melt
mixed EG/PES morphology, it is concluded that
during melt mixing, there is not enough shear to
break down the EG agglomerates and homogene-

ously disperse the graphite platelets. Further analy-
sis from Figure 3(c,d) show that polymer solution
also afford dispersion of EG in comparison of melt-
mixed composites, although not fine as coating one.
Coating the PES powder with EG breaks the graph-
ite agglomerates and results in a well-dispersed sys-
tem free of particle agglomerations with the graphite
platelets being well embedded in the PES matrix as
shown by the arrows in Figure 3(e,f). It should be
pointed out that coating enhances the probability
that the large platelet morphology of EG can be pre-
served in the final composite, which will facilitate
the formation of conductive network efficiently. The
difference in EG dispersion in the preparation pro-
cess may result in the various properties of EG/PES
composites.
There are two complimentary techniques to char-

acterize the structure of composites: scanning elec-
tron microscopy (SEM), and XRD, where the former
shows the morphological structure of composites,
whereas the later reveals the change of d-spacing of
graphite gallery. Figure 4(a,b) shows the XRD pat-
terns of samples. According to Figure 4(a), EG
shows a (002) diffraction peak at 2y ¼ 26.5�, which
is corresponding to the d-spacing of 0.55 nm. While
pure PES shows a group peaks in the range of 2y ¼
18–22�, indicating PES is semicrystal polymer. On
compounding with PES, the characteristic diffraction
peak of graphite shifts to low angle. For EG/PES
composite prepared by polymer solution, it is
observed at about 2y ¼ 26.4�, corresponding to the
interlayer spacing of 0.858 nm, whereas that of melt
mixing and coating samples show a lower diffrac-
tion angle at 2y ¼ 26.34� and 2y ¼ 26.31�, and the
corresponding d-value is increased to 1.17 and 1.71
nm, respectively. That is, the intercalation of PES
chains increase the d002 spacing of EG for about
1.2 nm for coating method. This result is ascribed to
the intercalation of PES macromolecular chains into
graphene layers, resulting in the enlargement of
interlayer distance of EG. There is no obvious
change for diffraction peak of PES in the range of
2y ¼ 18–22� in the process of compounding, indicat-
ing that the EG addition and preparation method
have little effects on crystal structure of PES. Further
analysis for EG/PES composites with different EG
contents prepared using coating method showed
that the diffraction peaks of EG (002) also shifts to
lower angle, companied by increasing in d-value
[Fig. 4(b)]. This indicates that coating improve effec-
tively the intercalation of PES into EG layers and
also enhanced the dispersibility of EG nanosheets,
which will be beneficial to improve the mechanical
properties of composites. This conclusion is consist-
ent with the former experiments results. The effects
of enhancement in dispersibility on conductivity of
composites will be further confirmed later.
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Thermal property of EG/PES composites

The effect of the three compounding methods: (i)
melt mixing, (ii) polymer solution, and (iii) coating
the PES powder with EG, on the thermal properties
of EG/PES composites are shown in Figure 5. The
thermal degradation parameters such as Tmax

(presents the temperature at which the maximum
rate of degradation occurs) and T�5% (presents the
onset temperature of thermal degradation when 5%
weight lost) are listed in Table I. The weight loss
curves (TGA curve) of filled and unfilled PES
showed that degradation occurs in one step from

350 to 550�C. It is evident that the addition of EG
can notably increase the thermal stability of PES.
The Tmax of the composites increased with increas-
ing EG content. For example, the Tmax of 6 wt %
EG/PES composite prepared via polymer solution
shows 12.2�C higher than that of the pure PES. The
Tmax of 6 wt % EG/PES composite is 14�C higher
than that of the pure PES via melt mixing, whereas
the Tmax of 6 wt % EG/PES composite is 18�C higher
than that of the pure PES via coating. The enhance-
ment of thermal stability of PES can be ascribed to
better thermal shielding effect of EG on the PES

Figure 3 SEM of fracture surface of 6 wt % EG/PES composites made by melt mixing: (a) and (b) (scale bar: 100 and 30
lm, respectively), made by solution: (c) and (d) (scale bar: 10 and 5 lm, respectively), and made by coating: (e) and (f)
(scale bar: 10 and 5 lm, respectively). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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matrix.2 EG is believed to offer protection to the
underlying PES from degradation process by acting
as a physical barrier that limits the heat and mass
transfer between the gas and condensed phase and
thereby delaying degradation of PES. Moreover, the
EG/PES composites prepared by coating shows
higher thermal stability compared with polymer so-
lution and melt mixing methods. Further analysis
from Figure 5 and Table I, the EG/PES composites
prepared by melt-mixing methods shows higher
thermal stability compared with polymer solution. It
seems that this result is not consistent with the me-
chanical properties and SEM observation. However,
it should be noted that there are some factors in
influence the properties (mechanical and thermal

properties) of polymer/fillers composites, including
the dispersion of fillers, the interactions between
fillers and polymer matrix, sample choosing and
testing process, etc.

Crystallization and melting behaviors of EG/PES
composites

Figure 6 shows the comparison of DSC traces of
EG/PES composites processed via different techni-
ques [Fig. 6(a,b)] and with different EG content
[Fig. 6(c,d)]. The crystallization and melting parame-
ters determined are summarized in Tables II and III.
From Figure 6(a), it can be observed that in the main
melting region (200–250�C) of PES, there is only one
melting peak (Tm), at about 222

�C, corresponding to
the melting events of PES crystals. The Tm value
increased with increasing EG concentration. From
Figure 6(b), it can be clearly seen that only one
exothermic peak is observed at about 180�C for all
samples, indicating that crystal is formed in the cool-
ing run. These results are well agreed with the XRD
observations presented in Figure 3.
Further analysis from Tables II and III, the peak

temperature of crystallization (Tcp) and the peak
temperature of melting (Tmp) of pure PES is 181.1
and 213.0�C, respectively. Coating approach pro-
vides � 1.3�C increase in Tcp for 6 wt % of EG,

Figure 4 XRD patterns of (a) 6 wt % EG/PES composites
prepared via different methods and (b) coating processed
EG/PES composites with different EG content. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 5 TGA curves of 6 wt % EG/PES composites pre-
pared via different methods. [Color figure can be viewed
in the online issue, which is available at
wileyonlinelibrary.com.]

TABLE I
TGA Results for EG/PES Prepared via Different Methods and with Different EG Contents

EG
content

Polymer solution Melt mixing Coating

0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

T�5%(
�C) 306.2 311.3 317.0 319.6 323.4 325.4 305.2 309.8 312.9 319.6 323.4 327.4 305.7 315.8 322.9 309.6 331.4 328.4

Tmax(
�C) 428.9 433.1 436.4 441.1 445.3 447.5 428.6 433.7 440.8 442.6 444.2 449.7 428.8 439.9 446.0 446.8 448.1 451.0
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whereas the melting mixing and polymer solution
methods show only � 0.2 and 0.5�C, respectively,
over the pure PES. The maximum improvement by
the coating method can be correlated to the process-
ing of composites into two steps. First, break up of
EG into graphite nanosheets by sonication mixing.
Second, uniform dispersion and coating of graphite
nanosheets on the surface of PES particles during
premixing. It has been confirmed by fractography
that coating enable the fine dispersibility of graphite
nanosheets. In contrast, melt mixing breaks the EG
into smaller pieces by magnetic stirring but not into
graphite nanosheets, as shown in SEM images. Over-
all, the DSC analysis clearly showed that incorporat-
ing EG in PES resulted in an increase in Tcp and
Tmp. Moreover, coating shows slightly higher than
those of other methods, and is attributed to the
mixing method utilized. EG/PES obtained from
coating mixing disrupts the graphite layers, separat-
ing them, and thus providing more surfaces for
nucleation.

Based on the results above, EG/PES composites
prepared via coating with different EG content were
selected and further investigated to illustrate the

effects of EG content on crystallization and melting
behaviors. As indicated in Figure 6(c,d) and Table
III. Unfilled PES has a Tco of 172.1�C and a Tmp of
213.0�C. In the presence of EG, it was found that the
onset temperature of crystallization (Tco) and Tcp

slightly increased on the addition of EG. When EG
content was 4 wt %, the Tc of EG/PES was about
2�C higher than that of pure PES. Further analysis
from Table IIII indicated that the crystallization
process of PES was accelerated as evidenced by the
narrowing of the crystallization peak width
[Fig. 6(c,d), also can be indicated by D value listed

Figure 6 DSC curves of: (a) heating run and (b) cooling run of 6 wt % EG/PES composites made via different methods.
(c) Heating run and (d) cooling run of coating processed EG/PES composites with different EG contents. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE II
Key Crystallization and Melting Parameters of 6 wt %

EG/PES Nanocomposites Prepared via Different
Methods

Results

6 wt % EG/PES nanocomposites

Melt mixing Polymer solution Coating

Tcp (�C) 181.3 181.6 182.4
Tmp (�C) 213.1 213.3 213.4
Tmp � Tcp (�C) 31.9 31.7 31.0
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in Table III]. The results show that EG dispersed in
PES matrix play the role of heteronucleating agent,
which can facilitate the crystallization of PES. The
supercooling degree (Tmp � Tcp) as a thermody-
namic driver of crystallization required for PES crys-
tallization in the composites was lower compared
with that required for pure PES. The drop in the
supercooling degree indicated an accelerated nucle-
ating process for PES in the presence of EG. Similar
behaviors have been observed and reported in EG/
PPS14 and graphite/PA610 composites.

Electrical conductivity of EG/PES composites

The important properties in electrical conductive
composites are the electrical conductivity, reported
as bulk conductivity (S/cm), and the percolation
threshold, defined as the minimum volume content
of the conductive reinforcement above which the
polymer composite becomes electrically conductive.
It is desirable for the conductive filler content to be
as low as possible to achieve good processability,
low cost, and satisfactory mechanical performance.
Both the conductivity and the percolation threshold
are affected by various factors such as the volume
fraction and geometric characteristics of the conduc-
tive filler,3,27 the filler orientation, and spacing
within the polymer matrix,2,3,28 as well as the crys-
tallinity of the matrix.29 The fabrication method and
processing conditions of the composites play an
important role in the percolation threshold and con-
ductivity as they affect the orientation, dispersion,
and interparticle spacing within the polymer matrix,
and they may alter the filler’s aspect ratio or
enhance the interactions between filler and matrix
and change the matrix crystallinity.

The effect of the three compounding methods;
(i) melt mixing, (ii) polymer dissolution, and (iii)

coating the PES powder with EG, on the percolation
threshold and electrical conductivity of EG/PES
composites is shown in Figure 7. All the samples
were compression molded, and the electrical con-
ductivity was measured in the direction parallel to
the sample’s length. As shown the conductivity of
EG/PES composites made by the coating method is
as high as 10�3 S/cm at a loading of 2 wt %, indicat-
ing that the percolation threshold which can be
achieved by this method is much lower than the
others. For both EG loadings used 2 and 4 wt %, the
proposed coating method results in conductivity
higher than the conductivity of the polymer solution
and melt-mixing processed samples which is the
method commonly used when composites with
lower percolation threshold are required. This indi-
cates that the coating method is at least as efficient
in facilitating the formation of conductive network

TABLE III
Detailed Crystallization and Melting Parameters of Pure PES- and Coating-Processed EG/PES Nanocomposites with

Different EG Content

EG content Tco (�C) Tcp (�C) Tce (
�C) D (�C) DHc (J/g) Tmp (�C) DHm (J/g) Tmp � Tcp (�C)

0 172.1 181.1 186.7 14.6 �56.5 213.0 68.1 31.9
2 173.6 182.2 187.0 13.4 �63.1 215.3 72.0 33.1
4 174.8 183.1 188.0 13.2 �62.6 212.2 64.8 29.1
6 173.2 182.4 187.5 14.3 �59.5 213.4 63.9 31.0
8 173.8 183.0 188.1 14.3 �64.4 213.8 64.5 30.8
10 173.5 182.7 187.8 12.3 �53.1 212.3 62.2 29.6

Tco ¼ Onset crystallization temperature (�C).
Tcp ¼ The peak temperature of crystallization (�C).
Tce ¼ End crystallization temperature (�C).
D ¼ Temperature range of crystallization (Tce � Tco,

�C).
DHc ¼ The heat of crystallization (J/g).
Tmp ¼ The peak temperature of melting (�C).
DHm ¼ The heat of heating (J/g).
Tmp � Tcp ¼ Degree of supercooling (�C).

Figure 7 Effect of compounding on the percolation
threshold and conductivity of EG/PES composites made
by compression molding (CM). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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as the commonly used solution method but avoids
the problems with recovery of solvent.

In the case of coating, there are no agglomerates
of EG due to the use of sonication as a result of the
PES powder being homogeneously coated by EG.
When the polymer melts under CM conditions,
the EG platelet network formed on the exterior of
the PES particles remains largely intact. In contrast,
during the solution and melt-mixing process EG
platelets have the opportunity to reaggregate and
do not efficiently participate in the conductive
network.

It is evident that combination of the coating and
CM yields composites with lower percolation thresh-
old and higher conductivity. However, it is of practi-
cal interest to explore what is the effect of coating in
the case of injection-molded samples as injection
molding is widely used in both research labs and
large-scale production. Composites were made using
(i) melt mixing and injection molding and (ii) coat-
ing, melt mixing, and injection molding, as it is not
practical to injection mold the coated composite
powder without passing it first through the
extruder. The percolation threshold and electrical
conductivity of EG/PES composites are shown in
Figure 8. The premixed samples have a percolation
threshold less than 1 wt %, whereas the melt-mixed
ones have 2 wt % (as indicated by the arrows). As
the EG content increases, the difference in electrical
conductivity of the composites made with the two
methods decreases. The reason is that coating breaks
down the EG agglomerates and allows for formation
of a continuous network at lower loadings; however,
as the graphite concentration increases, the platelets
can reagglomerate. Further comparison of Figures 7
and 8, it can be seen that with similar compositions

the coating-melt mixing-injection molding EG/PES
composites have higher electrical conductivity (10�2

S/cm) and lower percolation threshold (<1 wt %)
than the composites prepared via coating-CM (10�3

S/cm and <2 wt %), indicating that processing
method has obvious effects on the electrical conduc-
tivity and percolation threshold. Presumably, the
significant effect is resulted from the difference
in filler orientation during EG/PES composites
formation.

CONCLUSIONS

An efficient compounding method has been devel-
oped for optimizing the dispersion of nanoparticles
in thermoplastic polymers. It consists of coating
polymer particles with nanoparticles using a liquid
phase nonsolvent under ultrasonication. In this
research, EG nanoparticles were dispersed in IPA
using sonication in the presence of PES powder at
room temperature to produce a uniform coating on
the PES. Subsequent melt mixing and injection
molding produced composites with improved flex-
ural strength and modulus. The enhancement of the
flexural properties is attributed to the uniform dis-
persion of the nanoparticles in the solid state before
melt processing.
The coating method is more effective at lowering

the percolation threshold of composites than the
widely used polymer solution and melt-mixing
method. It may result that this is one of the only
methods to insure that the large platelet morphology
of EG can be preserved in the final composite.
Additional advantages of this method are that the

experimental set up is very simple, no solvents are
used, there is no need for high temperatures and the
nonsolvent can be easily recycled making for a
method that is practical, safe, cost and time effective,
and environmentally friendly.
Composites made by melt mixing and injection

molding show a higher percolation threshold
because of limitations in the ability of the melt-mix-
ing equipment to disperse the EG and maintain their
platelet-type morphology. Furthermore, injection
molding creates morphology with preferential align-
ment the platelets along the flow direction. As a
result, no improvement in electrical conductivity
resulting from the effect of larger EG aspect ratio
was detected.
The lowest percolation threshold measured was

less than 1 wt % for samples made by coating-melt
mixing-injecting molding, whereas composites with
similar compositions made by melt mixing-injection
molding had a percolation threshold of 2 wt %.
The authors thank Guan for helping us to polish

this manuscript. The authors express their thanks to
BASF for providing the PES resin.

Figure 8 Effect of compounding on the percolation
threshold and conductivity of EG/PES composites made
by injection molding. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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