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ABSTRACT: High-density polyethylene (HDPE) was re-
inforced with expanded and untreated graphite in a melt-
compounding process. Viscosity increased upon addition of
graphite phase, with the expanded graphite (EG) showing
more dramatic rise than the untreated graphite (UG) in
viscosity. The increase in viscosity was attributed to the
increased surface-to-volume ratio for the EG filler after acid
treatment. Electrical conductivity also increased from that
pertaining to an insulator to one characteristic of a semicon-
ductor. The EG system showed a lower percolation thresh-
old for transition in conductivity compared to that in the UG
system. DSC results indicated that the fillers acted as a
nucleating agent in inducing the crystallization of HDPE in
the composites. However, the overall degree of crystallinity

and melting temperature of HDPE decreased with the addi-
tion of EG and UG. Mechanical properties improved as a
function of filler content but the overall enhancement was
not impressive. It was conjectured that the filler-matrix in-
terface was not optimized in the melt-mixing process. How-
ever, the role of EG as a reinforcement phase for both
electrical and mechanical properties was unambiguously
established. The EG composites demonstrated potentially
useful attributes for antistatic, barrier, mechanical, electrical,
and cost-effective applications. © 2004 Wiley Periodicals, Inc.
J Appl Polym Sci 91: 2781-2788, 2004
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INTRODUCTION

Nanocomposites have been actively studied in light of
the potential benefits derived from nanoscale phe-
nomena and engineering. The two nanoscale compos-
ite systems that spurred a flurry of investigations since
the early 1990s are organo-modified clay-reinforced
polymers' and carbon nanotubes.*”® What has re-
ceived little attention is the graphene-based nanocom-
posite system that can provide cost-effective process-
ing and excellent functional properties. The attempt to
process nanoclay-reinforced polymers in mass pro-
duction quantities has been fraught with difficulties in
exfoliating the clay particles in nonpolar polymer ma-
trices such as polypropylene’™ and epoxies.'”'! Most
organoclay systems reported thus far are intercalated
rather than truly exfoliated. For those that were able to
display uniformly dispersed clay particles, the bene-
fits were limited to mechanical and barrier improve-
ments.'>'* Alternatively, the development of carbon
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nanotubes (CNT) appeared to accomplish what nano-
clay could not have achieved. CNT-reinforced poly-
mers'>"'” were able to provide a wider array of func-
tional properties compared to clay-reinforced systems.
However, processing of CNT is presently prohibi-
tively expensive for mass production.

Graphene-based nanocomposites possess potential
applications in radiation and electromagnetic shield-
ing, antistatic, shrinkage- and corrosion-resistant coat-
ings, and other mechanical and functional attributes
such as stiffness, barrier, and conducting capabili-
ties.'®2* Most engineering polymers are inherent in-
sulators, which have traditionally produced excellent
substrates in electronic packages and lightweight ap-
plications. They can become conducting when doped
with conducting particles, such as carbon black
(CB),'®' metallic powder,*** polyaniline,” and graph-
ite** Improvement in electrical conductivity arising
from the increase of filler content was observed for most
conductive composites containing CB and metal pow-
der.'®? The electrical resistivity of such a composite is
well explained by the percolation theory.”*® With a
small volume fraction of the conducting filler parti-
cles, the resistivity of the composite is close to that of
an insulating polymer. As the volume fraction of the
filler increases, the particles form a conductive net-
work in the composite. As a result, the electrical con-
ductivity increases by several orders of magnitude at
the percolation threshold.
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What we attempted in this study was to investigate
a mass production method for graphene-based nano-
composites. Earlier””° we examined an acid treat-
ment that could considerably expand the graphite
sublayers, allowing the percolation threshold for elec-
trical conductivity to drop to less than 1 wt %. This
technique does not require a costly purification pro-
cess’! but could emulate the efficiency of CNT-rein-
forced polymers when simple mechanical attrition
techniques were introduced. Natural flake graphite
possesses good in-plane electrical conductivity of 10*
S/cm at ambient temperature.®> They could be inter-
calated by modification with various chemical species
to form the graphite intercalation compounds
(GIC).*3%337 Subjecting GIC to rapid thermal treat-
ment produces fast volatilization of the intercalant.
Highly expanded graphite (EG) produces layered
structures, with in-plane electrical conductivity simi-
lar to that of natural flake graphite but larger layer
spacing®>® and higher volume expansion ratio (i.e.,
the ratio of the packing volume of EG to that of
GIC).*%® Relatively little is understood of EG serving
as conductive fillers in polymer—matrix composites.
Recently, several investigators reported a markedly
lower volume fraction of EG to reach a percolation
threshold in different engineering polymeric sys-
tems.?*~* The reported EG filler thickness varied from
10 to 50 nm based on TEM results. In such nanocom-
posites, the monomers were first introduced into the
pores of the expanded graphite, followed by polymer-
ization. In this article, we report the preparation of
EG-reinforced HDPE by melt processing using a com-
pounder. The effect of EG on melt viscosity was stud-
ied. The data are useful for examining the potential of
mass producing expanded graphite for composite fab-
rication.

EXPERIMENTAL
Preparation of EG-reinforced HDPE

The expanded graphite (EG) was prepared according
to the procedure described in our previous re-
ports.**° HDPE with brand of Philips Marlex 5502
was supplied by Philips Singapore Co. All HDPE pel-
lets, graphite, and expanded graphite were dried at
60°C in a vacuum oven for 24 h. EG-reinforced HDPEs
were prepared by melt processing. A Haake mixer
(Haake, Bersdorff, Germany) and twin-screw extruder
were used to compound the samples. Filler content is
given in weight percentage (wt %) unless otherwise
specified. HDPE/UGS indicates 5 wt % of untreated
graphite (UG), whereas HDPE/EG3 indicates 3 wt %
EG in HDPE.

Melt mixing in a Haake mixer

Untreated graphite (UG) and expanded graphite (EG)
fillers were mixed with HDPE, respectively, in a mixer
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TABLE I
Processing Conditions in the Twin-Screw Extruder for
the Preparation of the EG- and UG-Reinforced HDPE

Zone (°C)

Screw
1 2 3 4 Die (°C) speed
185 190 200 200 175 50 rpm

(Haake Rheocord) at 200°C. The components were
mixed for 20 min at a rotation speed of 20 rpm. The
equilibrium torque was recorded automatically by the
machine. The mixed material was compression
molded into thin sheets with a thickness of 0.5 mm in
a hot press at 200°C before testing.

Twin-screw extrusion and injection molding

Melt blending was additionally carried out using a
corotating twin-screw extruder (Leistritz Micro 18;
with a screw diameter of 18 mm and an L/D ratio
= 30). Table I shows the processing conditions in the
twin-screw extruder for the preparation of the com-
posites. The extruded pellets were injection molded
into 3.5-mm-thick dogbone-shape specimens (ASTM
D638 type I) using a Battenfeld BA 300 injection-mold-
ing machine. The temperatures in zone 1 and zone 2
were kept at 200 and 190°C, respectively. The nozzle
temperature was kept at 175°C and the mold temper-
ature was 30°C. An injection pressure of 70 bar and
holding time of 50 s were used. The screw speed was
kept at 140 rpm. All the materials were dried at 60°C
for at least 24 h in a vacuum oven before processing.

Electrical conductivity test

The conductivity of UG- and EG-reinforced HDPE
was measured using a dispersible four-point resistiv-
ity probe system (SIGNATONE) with a minimum
limit of 107® S/cm. The hot pressed sample was cut
into specimens of 10 X 4 X 0.5 mm?® for testing. For
samples obtained from HDPE and its composites of
lower filler content, the conductivity was below the
detectable range of a four-point resistivity probe and
thus a digital-mode resistivity determiner (RP2680)
was used. Both instruments were sensitive to the lim-
its prescribed by the manufacturers and the data so
obtained were assumed to be comparable.

Thermal analysis

Thermal analysis was carried out on a modulated differ-
ential scanning calorimeter (DSC; Model MDSC 2920;
TA Instruments, New Castle, DE). Before recording, the
Haake-mixed or injection-molded specimen was heated
quickly to 200°C and maintained for 10 min to erase the
thermal history. The sample was cooled to room tem-
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perature at a cooling rate of 10°C/min to obtain the
cooling curve. The sample was then heated to 200°C at a
heating rate of 10°C/min to study the melting behavior
of HDPE. The entire thermal scan was conducted under
inert N, with a gas flow rate of 50 mL/min.

Tensile test

The tensile tests to determine the tensile strength and
modulus were performed according to the ASTM
D638 using an Instron 5565 (Instron, Canton, MA) at a
crosshead speed of 5 mm/min. The dimensions of the
injection-molded tensile specimens were 60 X 10 X 3.5
mm°. An extensometer was used to directly monitor the
strain variation and to determine the modulus. The val-
ues reported were averages of five measurements.

Dynamic mechanical analysis

Dynamical mechanical analysis (DMA) experiments
were conducted using a TA Instruments DMA 2980 in
film tension mode at a fixed frequency of 1 Hz. The
sample dimensions were 20 X 8 X 0.5 mm’. The
sample was tested with a temperature ranging from
room temperature to 120°C at atmospheric pressure
and a heating rate of 3°C/min.

RESULTS AND DISCUSSION
Effect of EG on melt viscosity

Torque rheometry measures the work accomplished
in the studied materials during melt mixing under
controlled conditions (i.e., temperature and shear
rate). Torque is directly proportional to the melt vis-
cosity at a certain time. Figure 1 illustrates the varia-
tion of equilibrium torque of the composites with dif-
ferent filler levels and filler types. The torque of unre-
inforced HDPE is 0.8 Nm. As the fillers were added
into the HDPE, melt viscosity increased. However, the
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Figure1 Torque of unreinforced and reinforced HDPE as a

function of filler content in a Haake mixer at 200°C with a
screw speed of 20 rpm. (H) EG; (¢) UG.
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Figure 2 Electrical conductivity of the UG- and EG-rein-
forced HDPE as a function of filler content. () EG; () UG.

extent to which the fillers affected the viscosity of the
HDPE matrix differed. As shown in Figure 1, for the
same filler content introduction of EG increases the
melt viscosity more dramatically than the case with
UG. This difference suggests some interesting behav-
ior of the EG in the HDPE matrix compared to that of
the UG. As revealed in our previous studies, EG pos-
sesses a higher surface area-to-volume ratio and a
higher form factor.** The increased surface area is
likely to enhance the intercalation between EG and
HDPE and subsequently melt deformation is hindered.
The higher surface area of EG provided a better chance
of the filler interactions with HDPE matrix during melt
mixing.** It was previously shown that increased filler
aspect ratio results in a higher viscosity of the mixtures
in maleated PP-clay nanocomposites.”” The higher sur-
face area and filler aspect ratio of EG contribute to the
more distinctive torque increase in EG containing HDPE
compared to the UG-containing system.

Electrical conductivity of EG containing HDPE

Figure 2 compares the electrical conductivity of EG-
and UG-containing HDPE. The conductivity of HDPE
is about 107 '° S/cm,*® which shows HDPE is an insu-
lator. A rapid increase in electrical conductivity takes
place when filler content exceeds 2 wt %. This increase
appears, however, less dramatic in comparison with
our previously reported PMMA reinforced with ex-
panded graphite phases,”*° whereby only 1 wt % was
required to reach the percolation threshold (¢.). The
percolation threshold corresponds to the onset of tran-
sition from an insulator to a conductor.”” The increase
in conductivity spans across 5 wt % of filler content
(see Fig. 2) before the conductivity gradually levels
off. At 3 and 5 wt % of reinforcement level, conduc-
tivity for the EG-filled system is 5 to 6 orders of
magnitude higher than that of the untreated system
(UG). In fact, the conductivity with 3 wt % EG is
higher than that with 5 wt % UG. Clearly, the conduc-
tivity critically depends on how the graphite is ex-
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TABLE 1II
Comparison of the Reported Percolation Threshold (¢, in EG and Carbon Black (CB) Filled Polymer Systems
Matrix HDPE PMMA? PA6* ps® Epoxy™ PA6® PP® PMMA?%
Filler EG EG EG EG EG CB CB CB
b, 3wt % 1wt % 1.5 wt %*° 1wt % 2.5 wt %* 9 wt % 6.2 wt % 8.0 wt %

 The filler weight fraction is calculated from the volume fraction provided in Refs. 39 and 40, assuming densities of 1.1, 1.2,

and 2.2 g/cm? for PA6,* epoxy,® and EG,>* respectively.

panded and dispersed in the HDPE matrix. The
graphite fillers were examined using SEM in our pre-
vious studies.”*" Using an image-analysis software,
the average sheet size for EG filler is quantified at
about 20 um and the average thickness 100 nm. The
average graphite sheet size for UG is estimated at
about 0.4 mm; the sheet thickness is estimated to be 5
um. As a result the average form factors for EG and
UG composites are 200 and 80, respectively. Clearly,
the difference in conductive behavior can be attributed
to the difference in filler form factor. Note that not all
graphite phase is in completely expanded form. The
difference in conductive behavior narrows as the filler
content continues to increase. The results indicate
there exists a saturation of filler at 7.5 wt % and further
increase in graphite materials does not contribute to a
more pronounced increase in conductivity. The trans-
port mechanisms are viewed as similar to our previ-
ously reported case for graphite-filled PMMA, which
complies with the percolation theory.'®*

Table II shows the comparison of the reported ¢,
from PMMA, HDPE, CB, and other common fillers in
polymeric matrices. The difference in ¢, (3 wt % for
EG and 5 wt % for UG) is attributed to the filler form
factor and the graphite network formation in the ma-
trix. Generally, ¢, is higher in HDPE than that in
PMMA. This suggests the conductive network formed
by EG and UG in a HDPE matrix is less efficient than
that in PMMA.** Three factors are likely to contrib-
ute to their difference." Melt viscosity for mixing
HDPE with fillers is higher than the viscosity of
PMMA in solution blending.* Increased viscosity pre-
vents the molecular chains to efficiently intercalate
into the minipores of graphite fillers.”> Blending
through mechanical mixing in a Haake mixer induces
filler damage and subsequently reduces the efficiency
of network formation in the polymer.” Graphite fillers
are more likely to form aggregates, which hinder dis-
persion, in mechanical blending. Nevertheless, the ¢,
displayed for HDPE composites under melt com-
pounding is still sufficiently low compared to that of
other conventional carbon black (CB) fillers (see Table
IT) for mass production objectives.

Thermal analysis

HDPE is a semicrystalline polymer. The crystallinity
of HDPE is closely related to its density. The crystal-

linity of HDPE (X;) can be calculated based on the
equation*®*®

d(d—d,)
%% dd - dy W

where d is the density of the HDPE, d, is the density of
100% HDPE crystal (0.985 g/cm?), and d, is the density
of completely amorphous HDPE (0.824 g/cm®). The
density d of HDPE used for the matrix in this experi-
ment was 0.958 g/ cm?, so the calculated crystallinity
of HDPE was about 86%. The presence of graphite
fillers is likely to influence the crystallization of HDPE.
The latter will also affect the mechanical performance
of the resulting composites. The crystallinity of HDPE
(X) in the composites can be calculated based on the
following equation:

X:XOXTI_IO (2)

where AH,) is the crystallization enthalpy per gram of
pure HDPE in the cooling run from DSC, and AH isthe
crystallization enthalpy per gram of HDPE in compos-
ites.

Figure 3 displays the DSC cooling scans of the EG-
containing HDPE together with HDPE alone after
Haake mixing as a sample at a cooling rate of 10°C/
min. Same trends were observed for the injection-
molded specimens. The crystallization temperature
(T,) for both EG- and UG-containing HDPE is plotted
as a function of filler content in Figure 4. The degree of
crystallinity is plotted against filler content in Figure 5.
Clearly, the crystallization temperature shifts toward
the right as filler content increases (see Fig. 3). Again,
the increase in T, for the UG system is less dramatic
than the EG system as shown in Figure 4. This out-
come is rather consistent with other reinforcement
types such as glass and carbon fibers.* " The filler
serves as a nucleating agent to induce crystallization
at a higher temperature. With EG the filler tends to
activate crystallization with a higher rate of increase in
T, versus filler content. This is understood because the
EG possesses a higher surface-to-volume ratio than
that of the UG in the HDPE matrix, causing more
nucleating sites to be formed. In Figure 5, however,
the relative crystallinity decreases as filler content in-
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Figure 3 DSC cooling curves of HDPE and EG-containing HDPE. The last digit to the right indicates the filler wt % for each

composition. The cooling rate is 10°C/min.

creases. It is conjectured without detailed microscopic
evidence that the crystalline domains formed by
HDPE are rendered smaller in the presence of graphite
particles and reduce the overall crystallinity as the
filler content increases. It is possible for the fillers to
decrease the mobility of HDPE chains in the formation
of crystallites and, as a result, the domains of crystal-
line phase are reduced in size.

It is also likely that imperfection of crystals in the
presence of inhomogeneities contributes to the de-
crease in crystallinity. Apparently, the EG system is
expected to show higher crystallinity compared to that
of the UG system because for the former better dis-
persed inhomogeneities are present in inducing crys-

120
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115
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Figure 4 Crystallization temperature of HDPE and its com-
posites versus filler content. () EG; (®) UG.

tallization. Figure 6 shows the melting endotherms of
HDPE in composites. At 10 wt % filler content, the
melting temperature for EG containing HDPE (132°C)
is the lowest, followed by UG (133°C) and unrein-
forced HDPE (134°C). Based on the Nishi and Wang
theory,”® the Flory-Huggins interaction parameter
(x12) can be deduced from the melting temperature of
HDPE in the composites. The decrease of melting
temperature of HDPE in composites means some in-
teractions between fillers and matrix. The stronger
interaction was revealed in EG containing HDPE,
which is in conformity with the rheometry results. A
noteworthy point from Figures 2 and 4 is the sudden
rise in crystallization temperature, which coincides
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Figure 5 Crystallinity of reinforced HDPE versus filler con-
tent. (M) EG; () UG.
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Figure 6 DSC heating curves of unreinforced HDPE, 10 wt % UG- and EG-reinforced HDPE. The heating rate is 10°C/min.

well with the percolation transition in electrical con-
ductivity, for EG. This coincidence near 3 wt %
strongly suggests the transport mechanisms are criti-
cally dependent on the conductive network formed by
the EG with an improved surface-to-volume ratio.

Mechanical properties
Tensile test

To investigate the effect of EG on the mechanical
properties of the composites, the injection-molded
standard specimens were tested with a crosshead
speed of 5 mm/min. Figure 7 shows some represen-
tative stress—strain curves of HDPE and 3 wt % UG-
and EG-reinforced HDPE. Clearly the presence of fill-
ers slashes the ductility of the unreinforced HDPE,
which shows necking without break in a tensile test.
Tensile failure depends critically on the localized de-
formation. Comparing the ductility of UG- and EG-
containing HDPE, it appears the embrittlement effect

25

HDPE

Tensile Stress (MPa)

HDPE/UG3 HDPE/EG3

0 10 20 30 40 50 60 70
Tensile strain (%)

Figure 7 Tensile stress-strain curves of unreinforced
HDPE, 3 wt % UG- and EG-reinforced HDPE. The crosshead
speed is 5 mm/min.

is more severe in the UG system. The result indicates
that the unexpanded graphite phase, characterized by
relatively large inhomogeneities in the HDPE matrix,
is more likely to introduce premature flaws, raising
localized stress before fracture. This point, although
intuitively understood, requires more microscopic ev-
idence in our future work. Table III summarizes the
averaged data of the tensile properties of the studied
samples.

The tensile modulus is measured from the initial
region of tensile deformation and indicative of the
composite value of the constituent stiffnesses. Both
EG- and UG-containing HDPEs show higher tensile
moduli than that in unreinforced HDPE. Comparing
the EG to the UG systems, however, the former exhib-
its higher stiffness across the weight fractions up to 5
wt %. The improvement in tensile modulus is an ex-
pected outcome in view of the reinforcement effect
from the graphite particles. Overall, the tensile mod-
ulus increased by 17% from 0% (1.25 MPa) to 3 wt %
EG (1.46 MPa) and the reinforcement effects are not
impressive. However, it can be reasonably established
that stiffness improvement arises because of the
higher stiffness values of the graphite components
instead of increased crystallinity (see Fig. 5) in the
given matrix. As verified in Figure 5, a further increase
in filler content lowers the degree of crystallinity in the
HDPE phase. As a result, the mechanical strength and
stiffness of the matrix materials are projected to be
lower compared to those of the unreinforced HDPE.
Yet the incorporation of graphite fillers elevates the
overall stiffness under uniaxial loading and displays a
higher stiffness. Moreover, the EG fillers appear to
demonstrate higher stiffness values compared to the
UG ones at a given filler volume fraction according to
the composite theory. The unimpressive stiffness im-
provement is attributed to the poor filler—-matrix inter-
face, which prohibits an effective load transfer from
the matrix to the filler.
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TABLE III
Tensile Results of Unreinforced and Reinforced HDPE with Filler Content of 3 wt %

Tensile modulus (MPa)

Tensile strength (MPa)

Elongation at break (%)

HDPE 1.25 = 0.02
HDPE/UG3 1.38 = 0.03
HDPE/EG3 1.46 = 0.02

18.0 >70*
193 = 0.6 191 *1.0
18.7 = 0.4 28.0 £ 0.7

@ Specimens did not break.

Dynamic mechanical properties

Figure 8 shows a sample of the storage modulus E’ for
EG-containing HDPE as a function of temperature.
Figure 9 plots E’ at room temperature as a function of
filler content. E’ increases with filler content for both
EG and UG systems. However, the increase in EG
composites is more significant than that in the UG
system. Almost a twofold increase in E’ is noted with
10 wt % EG. At 5 wt % the increase in E’ is estimated
to be 50% and is more significant than the 17% in-
crease with the engineering tensile tests. The more
significant improvement in E’ over that in E is attrib-
uted to the size and strain rate effects because the
specimens tested under the film-tension mode in the
DMA are comparatively smaller than the tensile spec-
imens and the test rate used for the tests are different.
E’" was measured under cyclic loading with a strain
rate of 1 Hz and E was measured at a quasi-static rate
of 5 mm/min. Furthermore, the processing histories of
the compression- and injection-molded specimens
were also slightly different. The E’ was obtained from
a Haake mixed sample compression molded into 0.5-
mm-thick sheets, whereas E was measured from ex-
truded and injection-molded dogbone-shape samples.
The former was less likely to exhibit thermal degra-
dation in the compounding process. Nevertheless, the
measurements show quite consistent trends, that is,
the reinforcement effect for the EG system is more
dramatic than that for the UG system. This is attrib-
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Figure 8 Storage modulus of graphite-reinforced HDPE of
selected filler content versus temperature at 1 Hz frequency.
(M) 3 wt % EG; (®) 3 wt % UG; (@) unreinforced HDPE.

uted to the expanded graphite phase whereby inter-
facial surface area-to-volume ratio increases and the
filler form factor is improved in the HDPE matrix.

CONCLUSIONS

In this study, we focused on comparing the electrical
and mechanical properties of two different graphite-
reinforced HDPEs: one with UG and one with EG. The
materials were mechanically mixed in extruders. Ap-
parently, the EG system demonstrated better proper-
ties arising from a higher surface area and, as a result,
a higher aspect ratio, compared to the UG system.
Some specific conclusions could be drawn as follows:

1. The materials studied were fabricated in a melt-
compounding process and demonstrated useful
properties for antistatic coating, substrate, bar-
rier, and both mechanical and electrical applica-
tions. Future development of graphite- or gra-
phene-based nanocomposites awaits better dis-
persion of the nanofillers in the polymer matrix
and the control of percolation transition in ap-
plications.

2. Viscosity increased with the addition of graph-
ite fillers. The introduction of EG increased the
torque dramatically, whereas the increase for
the UG-reinforced system was less. The differ-
ence was attributed to EG’s higher area-to-vol-

2500
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[a W)
= 2000
2
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g
% 1500
S
&
1000
0 3 6 9 12
Filler content (wt%)

Figure 9 Storage modulus of UG- and EG-reinforced
HDPE versus filler content. Temperature = 25°C. (M) EG;
(&) UG.
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ume and aspect ratios, which promoted a more
viscous flow in the HDPE matrix.

3. Electrical conductivity for the composites showed
a transition from an insulator to a conductor. Only
3 wt % filler content was required to reach the
percolation threshold (¢.) for EG-containing
HDPE, whereas significantly higher (5 wt %) filler
content was required for the UG system. Overall,
the transitions were not as sharp as in our previ-
ously reported PMMA system. An understanding
of the transition would allow future design for
nanocomposites using EG fillers.

4. The results from DSC of reinforced HDPE indi-
cated that the fillers acted as nucleating agents to
induce crystallization of HDPE in the composites.
However, the degree of crystallinity of HDPE in
composites decreased with an increase in the filler
content, indicating the sizes of crystallites and
crystalline phase decreased in the presence of in-
homogeneities. Imperfection of crystals was also a
likely contributor to the decreased crystallinity as
the filler contented increased.

5. Both tensile and DMA measurements indicated
EG was a better filler in the HDPE. Although the
overall improvement in mechanical properties
was not impressive, our results clearly con-
firmed the advantages of treating graphite in
enhancing both the electrical conductivity and
mechanical strength and stiffness of HDPE. The
role of EG as a reinforcement phase was unam-
biguously established.

The authors thank Nanyang Technological University for
funding this work and a nanomaterials grant (RGM-47/00)
funding a research fellowship for W.Z. S.-C.W. acknowl-
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through NASA Grant NCC5-582.
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