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ABSTRACT: Nanocomposites reinforced with graphite platelets were compared to those with functionalized
graphite sheets (FGS) prepared by partial pyrolysis of graphite oxide. Melt dispersion in poly(ethylene-2,6-
naphthalate) (PEN) was quantified using a range of characterization techniques: electron microscopy, X-ray
scattering, melt rheology, electrical conductivity, gas barrier, and mechanical properties. Conductivity percolation
was obtained with as little as 0.3 vol % FGS, whereas 3 vol % was required for graphite. The threshold
concentrations of FGS and graphite for rigidity percolation determined with melt rheology were in good agreement
with conductivity percolation. Hydrogen permeability of PEN with 4 wt % FGS was decreased by 60% while the
same amount of graphite reduced permeability only 25%. Structural differences between graphite and FGS were
characterized with atomic force microscopy (AFM), Raman spectroscopy, and X-ray photoelectron spectroscopy
(XPS). The highly exfoliated morphology of FGS was maintained in the composites as revealed by electron
microscopy and X-ray scattering while graphite layers remained stacked together even after melt processing.
Even though the tensile stiffness and dimensional stability of PEN were improved, the extent of reinforcement
with FGS for these two properties was not as significant. This was attributed to the wrinkled structure of FGS
and atomistic defects.

1. Introduction

Graphite is a 2-dimensional carbon material which is naturally
abundant. In graphite, sp2-hybridized carbons are covalently
bonded in hexagonal manner, forming individual graphene
sheets, and these sheets are bound together by van der Waals
forces. Graphite has been used in many industrial applications
such as lubricants1 and high-temperature gaskets.2 It has received
attention lately due to its superior in-plane properties.3,4 It
competes with carbon nanotubes in many aspects. Its in-plane
stiffness is as high as that of carbon nanotubes (E ∼ 1 TPa),4–6

and its electrical (σ ∼ 106 (ohm cm)-1)7–9 and thermal con-
ductivity (∼400 W m-1 K-1)10 are also exceptional. The
potentially high aspect ratio of single graphene sheets indicates
that graphene can greatly improve mechanical and gas barrier
properties if it is well dispersed in a polymer matrix.11,12

However, to date, the exfoliation of graphite to graphene and
its incorporation into polymers has not been successful. Because
of strong interaction and small spacing between planes, it is
very hard to achieve a fully separated state of graphene. Many
have attempted to exfoliate graphite sheets using intercalation
with alkali metals13 or exposing them to strong acidic condi-
tions.14–18 Expansion of layer spacing takes place via heat
treatment13,15,17 or alternatively exposure to microwave radiation
followed by mechanical grinding.19,20 These expanded graphite
platelets have been incorporated into polymer via solvent
mixing,16,21 in-situ polymerization,17,18 or coating onto polymer
particles followed by melt processing.20 Using solvent blending,
expanded graphite yielded relatively better dispersion than
unintercalated graphite. However, this approach required use
of expensive intercalates and solvents. Moreover, complete
exfoliation to the level of single atomic sheets was not attained.
A more economical approach is melt dispersion. Nanoscale
reinforcements such as natural clays with surface modification
have been successfully imbedded into polar polymers in the
melt state by applying high shear stress using conventional melt

extruders.22,23 Although there have been approaches to employ
this technique for graphite dispersion,24,25 melt compounding
has yet to yield greater enhancement in properties than solution
mixing. Shen and co-workers reported that conductivity percola-
tion can be obtained at lower filler concentration of expanded
graphite via solvent intercalation than melt blending.21 Increased
stresses from intensive mixing are not enough to overcome
diffusion and thermodynamic barriers originating from the
extremely small interlayer spacing of graphite and incompat-
ibility between graphite and polymer.

One way to obtain exfoliation of graphite is to use graphite
that has been expanded and exfoliated prior to extrusion. It has
been reported recently that highly exfoliated, functionalized
graphite sheets (FGS) were produced by oxidizing graphite and
conducting a rapid thermal treatment to expand interlayer
spacing of graphite oxide.26,27 Schniepp et al. reported that
graphite oxide layers can be separated permanently by heating
up to 1050 °C at a rate of 2000 °C/min in an argon atmosphere.26

As a result of the thermal expansion, the surface area of graphite
is enhanced significantly. However, the resulting structure of
the exfoliated graphite is different from that of natural graphite.28

The superheating process removes surface oxide groups such
as CO2, leaving atomistic defects on the surface and distorting
flat graphene sheets into a highly wrinkled structure. Despite
the disruption of conjugated π network of graphene by oxygen
functionalization, electrical conductivity of FGS still compares
with that of graphite.26

After incorporation of graphite into polymer, the state of
dispersion must be determined adequately to evaluate the
reinforcement efficiency. Among various methods used for
characterizing dispersion of layered nanocomposites, electron
microscopy and X-ray diffraction have been most widely
used.29,30 Imaging with transmission electron microscopy (TEM)
provides real space morphological information.23,30,31 However,
TEM only visualizes a small area. On the other hand, X-ray
scattering yields structural information averaged over a larger
sample volume. One of the drawbacks with X-ray scattering is
that it is often difficult to interpret results on the basis of
reciprocal space to find out the structure and shape of the
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scattering particles. Moreover, some minor morphological
information can be missed (e.g., small amount of intercalated
structure surrounded by exfoliated morphology in the case of
polymer layered nanocomposites) since scattering intensity
depends on the concentration of the scattering entity.

Although indirect, solid-state composite properties can be
used to estimate reinforcement efficiency. These measurements
are also very valuable to assess the practical performance of
these composites. Composite theories for stiffness, thermal
expansion, and gas barrier properties have been proposed,32–35

and fitting experimentally measured properties with these models
has provided a quantitative measure for layered composite
dispersion.36–39 However, aspect ratio data from composite
theories will only be a rough estimate for dispersion since
theories are based on simplified assumptions such as perfect
adhesion between two phases and unidirectional alignment of
disks, which are seldom realized in practice.36 Additionally,
composite modeling also requires accurate material parameters
of the matrix and the reinforcement for quantitative analysis.

A polymer melt filled with nanoinclusions has distinctive
rheological behavior: development of a yield stress and a
frequency-independent modulus.40–42 One can extract quantita-
tive measures for the dispersion such as an average aspect ratio
of additives from the concentration where the rigid platelets
form a network having nonzero rigidity.42–44 The threshold for
this rigidity percolation can also be compared with the onset of
connectivity percolation, which is easily determined from
electrical conductivity measurements on nanocomposites with
conducting fillers.45,46 If there are strong colloidal interaction
between platelets in the polymer matrix, then they will form
fractal aggregates of reinforcing flocs.44 With this idea, a fractal
dimension of the gelled network can be inferred from how the
elastic modulus and limits of linear viscoelasticity scale with
the filler concentration.47

In this study, dispersion of unexfoliated graphite and FGS
into polymer is explored with melt blending. For the matrix
polymer, poly(ethylene-2,6-naphthalate), PEN, was chosen. PEN
is a high-performance engineering thermoplastic which is used
for many practical applications, especially in a film form for
producing magnetic data storage devices.48 The polymer
substrates used for magnetic tapes must be mechanically robust
and dimensionally stable upon temperature or humidity changes
to enable high-density data storage. Reinforcement with nanosize
inclusions will lead to better dimensional stability. We first
attempted to use organically modified montmorillonite (Cloisite
20A and 30B, Southern Clay Products) as reinforcements for
PEN. However, the resulting nanocomposites had high brittle-
ness, even lower melt viscosity than neat polymer, and nearly
no increase in tensile modulus. The high processing temperature,
300 °C, most likely caused thermal degradation of alkylammo-
nium modifiers of clays. Loss of the modifiers may have resulted
in poor dispersion and degradation of PEN. We then turned to
graphite, which can be exfoliated without surfactants. Further-
more, its stiffness exceeds that of other inorganic nanoparticles,
and its in-plane coefficient of thermal expansion is negative near
room temperature.49,50 As well as these advantages, gas per-
meabilities of PEN are expected to drop significantly after
incorporation of graphite due to its high aspect ratio and
impermeability.12 The ability of graphite to make PEN electri-
cally conductive is also a potential advantage for recording tapes.

In this paper, structural differences between graphite and FGS
were characterized with atomic force microscopy (AFM),
Raman spectroscopy, and X-ray photoelectron spectroscopy
(XPS). The dispersion of graphite and FGS is examined via
TEM, X-ray scattering, and melt rheology. Dispersion level from
rheological measurements on molten samples is compared with
results from electrical conductivity experiments as well as tensile

modulus, thermal expansion, and hydrogen permeability mea-
surements on the solid samples.

2. Experimental Section

2.1. Material Characterization. Matrix polymer, poly(ethylene-
2,6-naphthalate) or PEN (X-10 PEN homopolymer, intrinsic viscos-
ity 0.79 dL/g, o-chlorophenol), was obtained from Excell LLC
(Dupont Polyester) in pellet form. PEN resin was dried in an oven
at 120 °C for more than 24 h before melt blending. Flake graphite
(surfaced enhanced, grade no. 3775) was purchased from Asbury
Carbons.51 The nominal size of particles reported by the manu-
facturer1 is 8 µm, and specific surface area from BET isotherm is
around 24 m2/g. FGS, a thermally exfoliated graphite oxide with
700-1500 m2/g of BET surface area,26 was received from Princeton
University and Vorbeck Materials.52 The density of graphite, 2.28
g/cm3, was calculated from unit cell dimension data of perfectly
crystalline graphite (hexagonal, a ) 2.46 and c ) 6.69 Å),5 and
the density of FGS was assumed to be equal to that of graphite.
The density of amorphous PEN (1.33 g/cm3)53 was used rather than
density of the crystalline form (1.41-1.44 g/cm3)54,55 since all
specimens used for the testing are highly amorphous (% crystal
<5%) due to the rapid quenching after melt processing. The melt
density of PEN was approximated by 1.20 g/cm3, 90% of its
amorphous density. Poly(ethylene terephthalate), which has a similar
molecular structure and amorphous density (1.34 g/cm3),56 has the
melt density of 1.20 g/cm3.57

Dimensions of graphite and FGS particles as received were
investigated with AFM (Proximal Nanoprobe Scanning Probe
Nanoscope, Digital Instruments). Suspensions of graphite and FGS
were prepared in tetrahydrofuran (THF) at 10 µg/mL by mild
stirring for 72 h and deposited onto a mica substrate (grade V1,
Ted Pella). Sonication was avoided since it may cause a size
reduction of particles. Contact mode imaging was conducted with
V-shaped gold-coated silicon nitride cantilevers (spring constant,
k ) 0.12 N/m, tip radius, r ) 20 nm, Veeco Probes) under ambient
conditions.

Raman spectroscopy and XPS were employed to probe chemical
and structural differences of FGS and graphite. The Raman spectra
of graphite and FGS as received were obtained using a Witec
Alpha300R confocal Raman microscope connected with a class III
argon laser source (Omnichrome, CA) with wavelength of 514.5
nm. For each spectrum, the signal integrated over 20 s was recorded.

X-ray photoelectron spectra of FGS powders were collected with
a Physical Electronic model 555 spectrometer with Mg KR
radiation. After degassing in an introduction chamber (∼1 h),
samples were placed into a hemispherical analyzer where the
pressure is maintained below 1.5 × 10-7 Torr. Accelerating voltage
of 12 kV at 250 W power was used for data acquisition. For a
single survey scan, three sweeps were averaged with pass energy
of 200 eV. After identifying reflections corresponding to binding
energies of C1s and O1s, higher resolution spectra were recorded
with pass energy of 25 eV. Atomic concentration estimation and
peak fitting were conducted with Auger Scan Version 3.1 program.

2.2. Melt Compounding. Before preparing blends, the PEN
pellets were cryogenically pulverized to ∼100 µm powders for 1
min using a Spex 6700 Freezer/Mill to prepare a more homogeneous
preblend with graphite or FGS and to facilitate feeding into the
extruder. PEN/graphite and PEN/FGS mixtures of 4.1-4.3 g were
prepared at various graphite (0, 1, 3, 5, 6, 7, 10, 15, and 20 wt %)
and FGS loadings (0.5, 1, 1.5, 2, 3, and 4 wt %). They were fed
into a recirculating, conical twin-screw extruder (Microcompounder,
DACA Instruments) at 280 °C with N2 purge. Compounding was
performed at a screw speed of 360 rpm for 8 min.

2.3. Direct Characterization of Dispersion. We used TEM and
X-ray scattering to investigate the dispersion of graphite and FGS.
DACA extruded graphite composites were microtomed into 60-90
nm thick slices at room temperature with a diamond knife (Reichert
Ultracut), and digital images were obtained using a JEOL 1210
electron microscope at an accelerating voltage of 120 kV. No
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straining was required to obtain good electron contrast between
PEN and graphite.

X-ray scattering analysis was performed with a combined small-
and wide-angle instrument (SAXSESS, Anton Paar) with Cu KR
radiation. Powders of the nanocomposite samples were produced
by cryo-pulverization for 30 s and placed between Kapton tapes.
A generator voltage of 40 kV and current of 50 mA were used.

2.4. Melt Rheology. Rheological measurements were carried out
with a strain-controlled rotational rheometer (ARES, TA Instru-
ments) at 290 °C under a N2 atmosphere. 0.6-0.7 g of extruded
composites was dried at 120 °C for a least 24 h and loaded onto a
25 mm parallel plate fixture. They were squeezed into disks ∼1
mm thick by slowly lowering the upper plate. After sample loading,
a dynamic time sweep was conducted at 1 rad/s using small-
amplitude strain until no change in storage modulus G′ was
observed (∼1 h). Subsequently, using a dynamic strain sweep at 1
rad/s, the critical strain, γcrit, where G′ drops to 90% of its limiting
low strain value was recorded. After a waiting time of 30 min, a
frequency sweep at γ < γcrit from 100 to 0.01 rad/s was started.
Occasionally, an additional test from low (0.01 rad/s) to high (100
rad/s) frequency was carried out to check the long-term melt
stability. Results from two consecutive frequency sweep tests were
reproducible to within 10%, indicating that PEN was stable for >3
h at 290 °C.

2.5. Property Measurements. For electrical conductivity mea-
surements, specimens with three different geometries were used to
investigate the influence of processing history on electrical con-
ductivity of composites. D samples are ∼1 mm thick disks
recovered after rheology tests with long annealing history. They
were removed from the rheometer plates gently to minimize
deformation of samples then remelted at 300 °C and compressed
slightly to make the disk surface flat. F samples are ∼70 µm thick
films with a higher degree of graphite alignments. They were formed
by pressing extrudates against Teflon sheets at 280 kPa and 280
°C. They were quenched into ice–water to minimize PEN crystal-
linity buildup after pressing and dried for at least 48 h at room
temperature in a vacuum oven before property measurements. B
samples are bar-shaped samples (2 cm × 3 cm × 1 mm) designed
to have less graphite orientation. Extrudates were processed into
powders by cryo-pulverization, and these composite powders were
pressed (∼70 kPa for 10 min) and then annealed (without pressure
for 1 h) in a mold at 300 °C in order to relax any preferred
orientation of the graphite and FGS. After annealing, these bars
were cooled in air. By differential scanning calorimetry, the D and
F samples have <5% crystallinity, while the degree of crystallinity
of B samples is generally around 10%. Surfaces of all the samples
were polished with fine sandpaper (Wetordry Ultrafine P600) to
reduce contact resistance between the sample and the conductivity
probes. Surface resistance was measured with an 11-point dc probe
(PRS-801 Prostat).

For the gas permeability and stiffness testing, films (F samples)
were used due to their high in-plane filler orientation and small
thickness. Hydrogen permeability of composite films at 35 °C was
determined based on a constant volume-variable pressure method
using a homemade apparatus.58,59 Hydrogen flowing at 1 atm and
80 cm3/min was fed to one side of a 4.2 cm diameter film sample,
and the pressure in the opposite, evacuated chamber was monitored.
Permeation constants were calculated using the pressure gradient,
the pressure change with time, and the film thickness.58

Specimen for tensile modulus and thermal expansion measure-
ments were prepared by cutting strips 4 mm wide and 30 mm long
from the center of the films. They were clamped with film fixtures
on a Rheometrics Solids Analyzer II. Complex moduli, E*, were
measured in dynamic strain sweep mode under 10 N static force
pretension at room temperature. Thermal expansion was measured
from the change in length of the same films at constant tension
(∼0.1 MPa) while decreasing temperature from 65 to 45, 35, and
25 °C in a convection chamber with a dry N2 purge. In order to
exclude any effects from a hygroscopic expansion of PEN, samples
were dehydrated at 65 °C for 2 h.

3. Results and Discussion

Graphite and FGS were characterized using contact mode
AFM, Raman spectroscopy, and XPS before dispersion. After
melt compounding into PEN, the state of dispersion was
analyzed by TEM, X-ray scattering, and melt rheology. Then
conductivity, permeability, and mechanical properties of these
composites are reported.

3.1. Characterization of Graphite and FGS. Lateral and
thickness dimensions of as-received graphite and FGS were
analyzed using AFM. The thickness, h, of graphite averaged
over 62 unaggregated particles was 37 nm. This agrees with a
value of ∼30 nm calculated from the reported BET isotherm
and density of graphite, assuming disk-shaped particles.60 The
AFM measured diameter of graphite ranged from 100 to 1000
nm while FGS was 50-400 nm. For FGS, thickness varied even
within a single platelet due to its wrinkled and buckled nature.26

The minimum thickness of 1.8 nm falls within the thickness
range of fully exfoliated FGS found by Schniepp et al. The BET
values give h e 1 nm. Reportedly,26 the starting graphite
material for FGS has a mean diameter of 45 µm. However, it
is obvious that a significant reduction in diameter could occur
after oxidation and pyrolysis of the graphite. Schniepp et al.
also reported that the lateral size of FGS is hundreds of
nanometers, in agreement with our AFM results.

Our Raman spectra of graphite and FGS powders are
essentially identical to the results of Kudin et al.61 A reflection
(G band) at 1550-1650 cm-1 is common for both graphitic
materials, which is associated with vibrations of sp2-hybridized
carbons.62 Another reflection (D band) at 1350 cm-1 is prom-
inent especially for FGS, and this vibrational mode is known
to be induced by defects in sp2 domains. The relatively higher
intensity of D band and broadening of G band for FGS implies
a significant transformation of sp2 domain to sp3 hybridization
during oxidation treatments61 and corroborates the structural
distortion and weakening of the planar geometry.

The existence of oxygen functionalities on the graphene
surface was confirmed by XPS. An asymmetric C1s peak
centered at 284.5 eV in the XPS spectrum of FGS (Figure 1)
has a shoulder toward higher binding energy, which can be
deconvoluted into several other peaks. Chemical shifts to the
higher energy indicate the presence of other types of noncarbon
bonds (C-O or C-O-C) in the aromatic domain.26,63 These
types of surface oxygen groups are expected to promote the
dispersion since it will render graphene surfaces to have more
polar character. The intensity at the O1s level of binding energy
(533 eV, not shown here) also reveals oxygen moieties on the
FGS surface, from which the atomic ratio (C/O) in FGS was
determined to be ∼4:1. However, the actual ratio of C to O is
likely higher, up to 10:1, since XPS only measures the
composition on the sample surface which can be influenced by
moisture absorption.26

Figure 1. C1 XPS spectrum of FGS. Peaks inside show deconvolution
of the spectrum after curve fitting.
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3.2. TEM Analysis. TEM micrographs of PEN composites
as extruded containing 3 wt % of graphite and FGS are shown
in Figure 2. The graphite platelets appear as thick flat objects
in Figure 2a,b. Particle dimensions were determined using an
imaging analysis program. Particle thickness was defined by a
full width at half-maximum (fwhm) of a line intensity profile
across the particle. After investigating 95 particles, an arithmetic
average of diameter and thickness of graphite are found to be
487 and 36 nm, respectively. A mean thickness of 36 nm
suggests that there was no change in thickness during melt
compounding when compared with the mean thickness of as-
received material (37 nm) estimated by AFM. This is much
greater than the interlamellar spacing of 0.34 nm, indicating
each stack is composed of ∼100 single graphene layers.
Although melt compounding may break up weakly aggregated
graphite flakes, the multiple layer structure suggests that the
layers were not delaminated at all by thermodynamic interaction
with PEN or by intensive shear mixing. This is probably due
to strong van der Waals binding between the closely spaced
graphene layers. Aspect ratios, Af, which is the ratio of the lateral
dimension to the thickness, were estimated for individual
platelets, and Figure 3 shows a relatively narrow shape
distribution of graphite. Its mean value is 20.8, median 18.4,
and standard deviation 14.1. Interestingly, most graphite flakes

appeared to exhibit a preferred orientation, implying alignment
during extrusion process (Figure 2b).

In stark contrast with PEN/graphite, in PEN/FGS composites
thin FGS sheets with high aspect ratio are distributed over the
entire imaging area (Figure 2c). Statistical analysis conducted
for 88 FGS particles yielded a mean diameter and thickness of
222 and 2.9 nm, respectively. Even though FGS has smaller
diameter than graphite, its average aspect ratio (88.4) is greater
than that of graphite (20.8) due to even smaller thickness. FGS
displays a wider aspect ratio distribution than graphite as
evidenced by a higher standard deviation (56.4), and an average
of aspect ratio of FGS is 88.4. However, the mean aspect ratio
is expected to be greater than this value since atomically thin
FGS layers are likely to be invisible in TEM. Figure 2d shows
the wrinkled nature of FGS which may be explained by the
transformation of carbons from planar (sp2-hybridized) to
distorted structure (sp3-hybridized) during the oxidation and
pyrolysis process. This type of conversion was also confirmed
by the higher D to G intensity ratio of FGS in Raman
spectroscopy and the XPS results (Figure 1). There is also
stacking of wrinkled sheets that resembles the so-called
intercalated morphology in the nanocomposite literature. In-
complete oxide intercalation and thermal exfoliation may lead
to the stacking of layers.

3.3. X-ray Scattering. Figure 4a presents X-ray scattering
intensity profiles of pristine graphite, PEN, and PEN/graphite
composite (10 wt %). A sharp peak located at scattering vector
q ) 18.6 nm-1 in the scattering profile of unmixed graphite
powder corresponds to the d002 spacing of graphite (d ) 0.34
nm).64 A peak appears at the same q in the profile of PEN/
graphite composites, which implies that graphite is still ordered
in layers even after melt compounding. However, for neat FGS
(Figure 5b), neither graphite nor graphite oxide (q ) 8.4-9.7
nm-1, d ) 0.65-0.75 nm)63 peaks are present, signifying nearly
complete exfoliation during the rapid thermal treatment. The
characteristic reflections of graphite and graphite oxide is still
absent after melt processing, corroborating the highly exfoliated
morphology of FGS in PEN. There are no particular reflections
for the stacked morphology of FGS planes observed by TEM

Figure 2. TEM micrographs of PEN with (a) and (b) 3 wt % graphite
and (c) and (d) 3 wt % FGS.

Figure 3. Shape distribution of graphite and FGS particles from TEM
analysis.

Figure 4. X-ray scattering intensity profiles of (a) graphite, PEN, and
PEN/graphite composite (10 wt %) and (b) FGS and PEN/FGS
composite (3 wt %).
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(Figure 2d), which suggests that stacking is rare or that the sheets
are more than 10 nm apart and thus scatter at lower angles than
we can detect.

The slope of X-ray scattering intensity at small angles can
give the dimension df of fractal aggregates.44,65

I(q) ∝ 1

qdf
(1)

Lower fractal dimension translates to a more open structure and
thus higher level of dispersion. Figure 5 shows log scattering
intensity vs log q for dilute FGS and graphite composites. The
fractal dimensions averaged over the lowest accessible q range,
0.13-0.25 nm-1 are 2.31 and 2.01, respectively. The aggregate
structure at the length scale probed, ∼10 nm, is less dense in
FGS composites than in graphite composites.

3.4. Melt Rheology. Linear viscoelastic measurements were
used to estimate fractal dimension and aspect ratio following
the method developed by Vermant et al.44 to study clay
dispersion in polypropylene. The melt rheology results are
summarized in Tables 1 and 2 along with the other composite
properties.

3.4.1. Melt Stability of PEN Composites. Figure 6 shows the
change in the elastic modulus G′ at 1 rad/s vs annealing time at
290 °C. G′ of the 2 wt % FGS composite displays about 40%
growth with time and becomes constant by 2000 s. This increase
in elastic constant may be due to rebuilding via Brownian
motion of a network structure which was disrupted during
sample loading. However, it may also arise from molecular
weight increase of PEN. It was previously reported that
molecular weight of polyesters, including PEN, in the melt state
grows as annealing proceeds under an inert atmosphere via end-
group reactions.66 Since the samples were stored at 120 °C for
at least 48 h before the testing, water content in PEN could be
significantly reduced from its equilibrium value. Molecular
weight will increase to the new equilibrium value by chain
coupling.

3.4.2. Linear Viscoelastic Response. After performing the time
sweep until no significant change (change less than 2% within
10 min) in G′ was observed, strain sweep tests at 290 °C were
subsequently carried out to find the limit of linear viscoelasticity.
Figure 7 shows that the critical strain, γcrit decreases significantly
with filler content. The reduction at lower volume fraction
originates from individual aggregates which enhance straining
in the surrounding media.44,67 The critical strain decreases more
dramatically when it reaches a critical volume fraction for both
types of fillers. For the graphite/PEN system, γcrit of the 7 wt
% sample is 100 times smaller than that of 3 wt %, whereas
such a large change is not observed from 0 to 3 wt % (Figure
8). A similar drastic transition in the critical strain of FGS
composites occurs near 1 wt % (0.5 vol %). Above this

transition, γcrit arises from the breakup of the connected network
of FGS sheets reducing the elastic character of composite melts.
At this higher volume fraction, critical strain tends to scale with
a power of layered filler concentration.44,47 The power law
constant of this scaling is –3.07 for FGS and –1.24 for graphite
(see Figure 8), indicating that the FGS network is much more
strain sensitive.

Dynamic frequency sweep tests were conducted at γ <
γcrit. Storage moduli of PEN and PEN composites at 290 °C
are shown in Figure 9 as a function of frequency. For the entire
range of frequency, G′ increases with concentration of graphite
and FGS. Neat PEN and composites with low graphite
incorporation display terminal behavior down to lowest test
frequency (∼0.01 rad/s). At higher concentration than 5 wt %
for graphite and 1 wt % for FGS, G′ shows a plateau at low
frequency, which is a characteristic response of solidlike
materials.40,41 Interestingly, the critical volume fraction where
transitions from terminal to nonterminal behavior take place
coincides with the volume fraction where critical strain starts
to decrease more sensitively with filler concentration. This
coincidence implies that these two transitions stem from a
common origin: formation of a space-filling elastic network.
Above this particular volume fraction, there is a significant
reinforcement in elastic moduli at low frequency, and this
growth in moduli with the volume fraction of the additive is
more pronounced with increasing the concentration of FGS than
that of graphite. An increase in G′ to ∼ 105 GPa at 0.01 rad/s
is achieved by adding only 4 wt % of FGS, but a same increase
in G′ requires 15-20 wt % of graphite.

3.4.3. Analysis Based on Percolation Concepts. The elasticity
of layered composite melts signifies the presence of a space-
filling rigid network which resists deformation. The elastic
moduli of the percolated colloidal suspension can be expressed
near the percolation threshold by a power law correlation on
the difference between volume fraction of particles φ and the
threshold value φper.68–70

G ′ ∝ (φ- φper)
ν (2)

Assuming the shear modulus of PEN dispersed with graphite
and FGS follows this power law scaling, the percolation
threshold φper and exponent ν of our system were evaluated by
applying eq 2 to the G′ value at ω ) 0.1 rad/s for graphite and
at 0.01 rad/s for FGS composites. When converting weight
fraction to volume fraction, densities provided in the Experi-
mental Section were used (FPEN ) 1.20 and Fgraphite ) 2.28
g/cm3). Least-squares regressions were carried out until optimum
φper and ν were found that best fit the data. Figure 10 indicates
that both systems exhibit a power law dependence. The onsets
of percolation determined by using the power law relationship
are 0.024 (4.8 wt %) and 0.0027 (0.51 wt %) for graphite and
FGS, respectively. For FGS, the onset of percolation of 0.27
vol % is close to the point where the critical strain starts to
drop more sensitively (0.47 vol %) from Figure 8. The scaling
exponents of graphite and FGS systems are 2.16 and 3.78. The
lower volume fraction at the onset of rigidity percolation and
the higher exponent of FGS confirm that FGS is much more
effective in increasing viscoelasticity of PEN. Theoretically, the
power law exponent for the rigidity percolation of 3-dimensional
networks is expected to be greater than 3.70–72 Thus, FGS/PEN
fits rigidity percolation, but for graphite/PEN melts the exponent
is smaller than 3. As shown in the frequency sweep results of
graphite composites, slow relaxation takes place as frequency
becomes smaller than 0.1 rad/s at higher loading (7, 10, and 15
wt %). We chose G′ at 0.1 rad/s for the analysis. Therefore, it
is possible that the elastic character of PEN/graphite networks
is not truly reflected by G′ at 0.1 rad/s. Also, graphite with a
low aspect ratio may form an unstable transient network in the

Figure 5. X-ray scattering profiles of 1 wt % graphite and 0.5 wt %
FGS sample. Fractal dimensions of graphite and FGS were determined
from the slope in the small angle range (q ) 0.13-0.25 nm-1). The
beam block attenuated the intensity below q ) 0.1 nm-1.

Macromolecules, Vol. 41, No. 9, 2008 Polyester/Exfoliated Graphite Nanocomposites 3321



polymer host that does not transmit externally imposed load as
efficiently as FGS.

The lower percolation threshold of FGS is strong evidence
for better dispersion. Ren and co-workers showed that a
relationship can be constructed between the percolation threshold
and the aspect ratio, Af, of a tactoid.43 Supposing imaginary
spheres surrounding each tactoid, the expression for the ratio
of particle diameter 2r to thickness h can be written as

Af )
2r
h
)

3φsphere

2φper
(3)

Percolation of interpenetrating, randomly packed spheres occurs
at φsphere ) 0.29.73,74 Using the onsets of percolation of graphite
and FGS from melt rheology (Table 3), eq 3 gives aspect ratios
for graphite and FGS of 18 and 161, respectively (see Table
4). The average aspect ratio of FGS determined by rheological
measurements is about 9 times higher than that of graphite,
which is in line with TEM and X-ray scattering results.

3.4.4. Analysis Based on Fractal Gel Concepts. Our graphite/
PEN system has many similarities with a flocculated suspensions
high viscosity and nonzero elastic modulus75–78sand thus can
be viewed as a colloidal gel. The scaling relationships between
viscoelastic properties of colloidal gels and particle concentration
proposed by Shih and co-workers47 can be applied. Assuming

the elastic network composed of graphite particles can be treated
as fractal aggregates of graphite flocs, their shear moduli, G′,
and limits of linearity, γcrit, above the gelation threshold can be
scaled with the volume fraction of the flocs. When the bonds
between flocs are stronger than the links within each floc

G ′ ∝ φ
(3+x)/(3-df) (4)

γcrit ∝ φ
-(1+x)/(3-df) (5)

where df is the fractal dimension of the aggregates and x is the
fractal dimension of the backbone in the aggregate which is

Table 1. Properties of PEN/Graphite Composites

concentration rheology
surface resistance,

D samples (B samples)
(ohms)

H2 permeability
(barrers)

tensile modulus
(GPa) CTE × 105 /°Cwt % vol %a γcrit (%)

G′ at 0.1 rad/s
(Pa)

0 0 63 32.1 1.4 × 1013 1.43 2.35 7.74
(3.0 × 1012)

1 0.6 60 42.8 2.54 7.32
3 1.8 45 47.5 1.14 2.76 6.63
5 3.0 12 142 2.9 × 1012 1.07 3.59 6.32

(1.1 × 1012)
6 3.6 (1.4 × 107)
7 4.2 0.56 4310 1.5 × 1012 0.90 4.02 5.48

(1.1 × 107)
10 6.1 0.34 22500 5.1 × 1010 0.76 4.52 4.60
15 9.3 0.24 84200
20 12.7 0.13 278000 (2.5 × 105) 7.27 2.90

a Note that volume fraction of graphite shown here is based on the amorphous density of PEN (1.33 g/cm3).

Table 2. Properties of PEN/FGS Composites

concentration rheology
surface resistance,

D samples
(ohms)

H2 permeability
(barrers)

tensile modulus
(GPa) CTE × 105 /°Cwt % vol %a γcrit (%)

G′ at 0.01 rad/s
(Pa)

0.5 0.3 44 7.12 2.5 × 1013

1.0 0.6 43 98.7 1.3 × 109 1.05 2.70 7.22
1.5 0.8 9.1 943 7.1 × 107

2.0 1.2 3.3 5870 1.1 × 106

3.0 1.8 1.1 33100 2.1 × 105 0.94 3.09 6.77
4.0 2.4 0.4 185000 2.6 × 104 0.61 3.69 6.71

a Note that volume fraction of FGS shown here is based on the amorphous density of PEN (1.33 g/cm3).

Figure 6. Evolution in G′ at 1 rad/s for neat PEN and 2 wt % FGS at
290 °C with time after sample loading.

Figure 7. Dynamic strain sweeps of (a) graphite and (b) FGS composite
melts at 290 °C. Critical strains, γcrit, determined by G′/G′0 ) 0.9 are
marked with 3.
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responsible for elasticity. In order to apply this model to our
system, critical strains (Figure 7) and storage moduli at low
frequency (Figure 9) above percolation threshold were chosen.
As shown in Figures 8 and 11, G′ and γcrit scale with the filler
volume fraction and more steeply with PEN/FGS than PEN/
graphite. The G′ scaling exponent of FGS composites is as high
as 5.16, indicating the elastic network constructed with FGS is
more efficient in storing elastic energy than that of graphite.
The exponent of 5.16 for FGS composites is significantly higher
than the scaling exponent reported for G′ and the volume
fraction of carbon nanotubes in polypropylene melts, ∼2.8.46

This large difference in scaling exponent implies that scaling
behaviors depend on the dimensionality of reinforcing additives.
Two-dimensional platelets should be more advantageous in
enhancing elastic modulus than one-dimensional tubes.

Solving for df and x using eqs 4 and 5 gives df ) 2.04 for
FGS, which is close to the value obtained from X-ray scattering
analysis (df ) 2.01). The relatively high backbone fractal
dimension x ) 1.95 suggests that most elements in a FGS floc
contribute to the elasticity of the network. In other words,

structural defects which are elastically inactive such as dangling
ends rarely exist. For the graphite system, Shih’s model gives
df ) 2.17. However, the backbone fractal dimension of graphite
flocs x is near 0, which is not physically realistic. This may
reflect instability in the graphite/PEN network, which is also
indicated by the decreasing low frequency G′ values in Figure
9a.

3.5. Electrical Conductivity Measurements. Graphite is very
attractive for its potential to increase the electrical conductivity
of insulating polymers at very low concentration. Also, the
threshold concentration for electrical conduction provides
another measure of graphite dispersion. The connectivity perco-
lation from conductivity measurements is valuable since it can
be used to examine the validity of rigidity percolation data from
melt rheology.

Similar to the viscoelastic properties, the electrical conductiv-
ity of composites reinforced with anisotropic conducting materi-

Figure 8. Scaling of critical strain at 1 rad/s of graphite (closed) and
FGS (open symbols) composites melts.

Figure 9. Dynamic frequency sweeps of (a) graphite and (b) FGS
composite melts at 290 °C.

Figure 10. G′ at ω ) 0.1 rad/s for graphite (closed) and 0.01 rad/s for
FGS (open symbols) vs the difference between filler volume fraction
and percolation volume fraction (φperc ) 0.024 for graphite and 0.0027
for FGS).

Table 3. Volumetric Percolation Threshold of Graphite and FGS
Composites

graphite/PEN FGS/PEN

from melt rheology 0.024 0.0027
from electrical conductivity 0.030-0.036 0.003-0.006

Table 4. Comparisons of Aspect Ratios of Graphite and FGS
from Different Characterization Techniques

TEM
melt

rheology
electrical

conductivity
hydrogen

permeability
tensile

stiffness
thermal

expansion

graphite 21 18 ∼13 16 21 16
FGS 88 161 ∼100 55 32a 10a

a Note that these aspect ratio values were obtained using in-plane tensile
modulus and CTE of graphite.

Figure 11. Scaling of G′ at 0.1 rad/s for graphite (closed) and at 0.01
rad/s for FGS composites (open symbols) as a function of filler volume
fraction.
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als is easily influenced by the deformation history. It has been
noted that rheological and electrical properties of suspensions
of carbon nanotubes can be altered drastically by flow.45,46

Surface resistance of composites produced under three different
processing conditions (D, F, and B samples) are shown in Figure
12. At a certain concentration of graphitic reinforcements,
resistance of PEN begins to drop precipitously. This transition
indicates that graphite platelets provide connected pathways for
electron transfer. The onset of electrical percolation clearly
occurs at lower volume fraction for FGS, but there is an
influence of the processing history in both. The thin, squeezed
out, F samples exhibit a higher percolation threshold (graphite
between 10 and 20 wt % and FGS between 1.5 and 2 wt %)
than the thicker, annealed disk, D samples (graphite between 5
and 10 wt % and FGS between 0.5 and 1 wt %). The lower
threshold of FGS can be explained by its higher aspect ratio.
The higher threshold for F samples is attributed to the alignment
of platelets parallel to the film surface during compression
molding and loss in connectivity between platelets due to these
alignments. In contrast, the lower percolation threshold for D
samples owes to the structure recovery during rheology testing
at elevated temperature. B samples which were formed by
molding and then annealing cryo-pulverized powders exhibit
the lowest percolation (between 5 and 6 wt %) among graphite
samples. This process may create the most disordered state of
graphite orientation and help graphitic disks to maintain their
contact with other platelets. Annealing under the quiescent
condition for longer times could lead to an even lower
percolation threshold.

It is known that connectivity percolation takes place at a lower
concentration of additives than rigidity percolation since
networks that barely span the system volume may still have
zero elasticity.46,71,72,79 However, at least for our system, the
threshold volume fractions for electrical percolation are com-
parable to or even higher than the rigidity percolation determined
by rheological measurements (Table 3). For carbon nanotubes,
Du and co-workers45 showed that conductivity percolation was
higher than rigidity percolation by rheology. They attribute this
to polymer chains’ bridging particles. In our case, the average
diameter of the unperturbed PEN chains is ∼16 nm,80 which is
greater than the distance for the electron tunneling to occur
between graphite layers (∼5 nm). Thus, bridging may account
for the even lower onset of rigidity percolation from melt
rheology than connectivity percolation. It is also possible that
small deformation of the D samples during unloading from
rheometer plates and remelting caused graphite layers to be
oriented again, which in turn reduces connectivity between them.
Also, the contact resistance between the sample and probes can
interfere with measuring conductivity of samples, especially with
low graphite loading.

3.6. Hydrogen Permeation. The high aspect ratio of graphitic
additives suggests their potential use for reducing gas perme-
abilities of polymer films.12,81 Gas permeability through a
polymer filled with high aspect ratio, impermeable flakes can
be decreased substantially via a reduced cross section for gas
diffusion and a tortuous path mechanism.82 After comparing
several different models for gas permeability of membranes
filled with aligned monodispersed impermeable disks, Picard
et al.39 found that the following model of Lape et al.35 for flakes
placed in random array describes the barrier performance of
layered silicate nanocomposites most accurately:

P
Pm

) 1- φ

(1+Afφ/3)2
(6)

where Pm and P are permeabilities of gas molecules through
unfilled and filled polymer membranes and φ is a volume
fraction of disks. Since Lape’s formula is a function of the aspect
ratio, we can use it to evaluate dispersion. Hydrogen perme-
ability at 35 °C through the 70 µm film samples (F samples) is
shown in Figure 13 after converting filler weight fraction into
volume fraction using the amorphous density of PEN (FPEN )
1.33 and Fgraphite ) 2.28 g/cm3). Both graphite and FGS reduce
the hydrogen permeability of PEN. Fitting these data with Lape’s
model gives a higher aspect ratio for FGS (Af ) 55) than
graphite (Af ) 16). The aspect ratio for FGS inferred is lower
than one from TEM, Af ∼ 88, rheological measurements, Af ∼
161, or electrical conductivity, Af ∼ 100 (Table 4). The barrier
performance may be reduced by the defect vacancies in FGS
sheets, produced by the superheating synthesis process (i.e.,
holes on the FGS surface).28 Also, graphitic flakes are not
perfectly aligned in the plane of the film, contrary to the
assumption of the composite theory.

3.7. Mechanical Properties. The exceptionally high stiffness
and aspect ratio gives graphite potential for enhancing mechan-
ical properties of polymers.11 Tensile modulus and thermal
expansion of PEN/graphite and PEN/FGS composites were
measured and compared to composite theories (see Tables 1
and 2).

3.7.1. Tensile Modulus. Embedding materials with high stiff-
ness into polymers leads to an increase in material stiffness
allowing for stress redistribution from a low modulus matrix to
a high modulus filler phase.83 Complex Young’s moduli of
composites from strain sweep tests are presented in Figure 14.
While there were significant improvements in stiffness of the
composite from incorporating graphitic reinforcements, FGS
turns out to be only slightly better than graphite in improving
stiffness. For instance, the tensile modulus of 4 wt % (φFGS )
0.024) PEN/FGS composites is 3.7 GPa vs 3.6 GPa for PEN
containing 5 wt % graphite (φgraphite ) 0.030).

The dispersion of layered nanocomposites was analyzed
quantitatively using micromechanical models for composite
stiffness.36,38 Mori and Tanaka showed that moduli of com-

Figure 12. Surface resistance of graphite and FGS composites. D: ∼1
mm thick disk-shaped samples after rheology tests with longer annealing
history; F: ∼70 µm thick biaxially squeezed film samples with filler
orientation; B: bar-shaped samples (2 cm × 3 cm × 1 mm, molded
from cryogenically pulverized powders and annealed 1 h at 300 °C).

Figure 13. Hydrogen permeability of graphite (closed) and FGS (open
symbols) composites at 35 °C. Curves represent theoretical trends based
on Lape’s model with Af as an adjustable parameter.
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posites filled with unidirectionally aligned ellipsoids can be
predicted when the stiffness and the Poisson’s ratio of each
component and the aspect ratio of reinforcement are known.32

Tandon and Weng adopted these ideas to derive analytical
expressions for effective elastic moduli of composites which
are transverse isotropic.33 Their prediction for the transverse
Young’s modulus E11 is

E11

Em
) 1

1+ φ(-2νmA3 + (1- νm)A4 + (1+ νm)A5A)/2A
(7)

Em and νm are Young modulus and Poisson’s ratio of the matrix,
respectively. A and Ai are functions of φ, νm, the Eshelby
tensor,84,85 Young’s modulus of the matrix and the filler, and
the filler aspect ratio. Exact formulas are provided by Tandon
and Weng.33 Using material data provided in the Appendix, the
aspect ratio was determined that best fit experimental results.
The aspect ratio of graphite and FGS based on this analysis is
21 and 32, respectively.

While a higher degree of exfoliation for FGS is in agreement
with results from other characterization techniques, an aspect
ratio of 32 for FGS is much smaller than ones from rheology
and conductivity measurements. It should be noted that for this
analysis in-plane modulus of a single graphene sheet was
assumed to be 1060 GPa, which may not be valid for FGS which
have structural abnormalities (wrinkling and atomistic defects)
that the stiffness modeling cannot account for. For the case of
carbon nanotubes, the waviness of flexible additives is reported
to significantly reduce the overall stiffness of their composites
with polymers.86 Also, the wrinkled structure of FGS will
precipitously reduce the elastic modulus in tensile deformation
since a main deformation mode under the extension will be
bending of the crumpled sheets rather than stretching of or
bending between sp2-hybridized C-C bonds. If we assume the
aspect ratio of FGS evaluated from conductivity measurements

is true (Af ∼ 100), from the Mori-Tanaka model the same
extent of stiffening will be achieved when effective in-plane
stiffness of FGS sheets is around 72 GPa (see Figure 14b).
Further study to determine the effective tensile stiffness of FGS
will be required to obtain more accurate measures for the aspect
ratio of these two-dimensional thin sheets.

3.7.2. Thermal Expansion. Another advantage that can be
expected from dispersing high aspect ratio rigid platelets with
superior dimensional stability is a reduction in thermal expansion
of polymeric materials.12,87 Internal stress from a thermal
expansion mismatch between two phases is transmitted across
an interface, minimizing the overall dimensional change of
matrix material.83 Thermal expansion coefficients are shown in
Figure 15 and Tables 1 and 2. The thermal expansion of PEN
was suppressed by nearly the same amount, ∼15%, by
incorporating 3 wt % of graphite or FGS. The performance of
FGS is surprisingly poor considering its high aspect ratio and
the negative in-plane thermal expansion of graphite. The aspect
ratio of both platelike additives can be estimated on the basis
of a model proposed by Chow.34,37 He used Eshelby’s misfit
theory84,85 to derive theoretical predictions for coefficients of
thermal expansion (CTE) of a polymer filled with aligned
ellipsoids. The effective transverse CTE, R11, is

R11 )Rm +
Kf

Km

(�f - �m)J3φ

2I1J3 + J1I3
(8)

�i and Ki are the volumetric thermal expansion coefficient and
the bulk modulus of filler f or matrix m, respectively. Ιj and Jj

(j ) 1 or 3) are functions of �i, Ki, shear moduli Gi of each
component, volume fraction of filler φ, and elements of
Eshelby’s tensor. Exact formulas are found in ref 34. Regression
with experimental data using material parameters provided in
the Appendix suggests that the aspect ratios of graphite and
FGS are 16 and 10, respectively. Theoretical modeling based
on Chow’s theory suggests that FGS only provides retraction
in thermal expansion that is comparable with what rigid disks
(E ) 1060 GPa and R| ) –1.5 × 10-6/°C) with aspect ratio of
10 potentially do. This low reinforcement efficiency of FGS is
again probably due to the highly distorted and wavy structure
of FGS which may render FGS less resistive to tensile
deformation and thermal expansion than rigid graphite platelets.
Moreover, it must be noted that the theory assumes perfect
interfacial adhesion between the matrix and filler and unidirec-
tional alignment of platelets.

Figure 14. (a) Tensile moduli of graphite. (b) Moduli of graphite
(closed) and FGS (open symbols) composites are compared at low filler
concentration. Straight lines are predictions based on Mori-Tanaka
theory. A dashed line shows how theoretical stiffness changes when
in-plane tensile modulus and aspect ratio of FGS are changed to 72
GPa and 100, respectively.

Figure 15. Coefficients of thermal expansion of graphite (closed) and
FGS (open symbols) composites. Solid curves are model predictions
based on Chow’s theory with Af as an adjustable parameter. The inset
shows thermal expansion of graphite composites at higher graphite
concentration.
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4. Conclusions

FGS, a thermally exfoliated graphite oxide, and graphite were
melt blended into PEN using a small scale, twin-screw extruder.
Electron microscopy and X-ray scattering techniques were
employed to investigate dispersion of graphite and FGS directly.
Both methods demonstrated that FGS sheets form an exfoliated
morphology (Af ) 88) in the PEN matrix after melt compound-
ing, whereas graphite is incorporated as unintercalated thick
tactoids (Af ) 21). Melt rheology was also used to probe the
microstructure of graphite and FGS in a PEN melt. Both graphite
and FGS show linear viscoelastic behavior characterized by a
reduction in critical strain and an increase in low-frequency shear
modulus as the concentration of the reinforcement is increased.
The extent of dispersion of both fillers was determined
quantitatively from the critical percolation volume fraction. The
aspect ratio of FGS (Af ) 161) from rheological measurements
is substantially higher than that of graphite (Af ) 18), which
agrees with TEM estimates. It is also consistent with the higher
fractal dimension of graphite (df ) 2.31) than FGS (df ) 2.01)
from X-ray scattering.

Electrical percolation data compared favorably with the
threshold for rigidity percolation from rheological measurements
for both fillers. A significantly lower electrical percolation
threshold with FGS (φper ∼ 0.003) compared with graphite (φper

∼ 0.030) also confirmed better dispersion of FGS sheets. When
we compare these with other systems, the onsets of rigidity and
connectivity percolation for FGS are as low as those reported
for carbon nanotube networks, φper ∼ 0.003.45,46 Gas barrier
performance of composites reinforced with FGS was superior
to that of graphite composites, and this was attributed to its
higher aspect ratio. However, stiffness and dimensional stability
gained by incorporating FGS are not as notable as the improve-
ments of other properties. We believe that this is due to atomistic
defects from oxidation and pyrolysis and also from wrinkling
of FGS sheets. These structural characteristics could reduce the
effective tensile stiffness and thus reinforcement efficiency of
FGS, in spite of its high aspect ratio. If graphite can be exfoliated
and maintain its structural flatness and rigidity after the
exfoliation, mechanical and thermal properties may be enhanced.
However, the wrinkled structure of FGS may be valuable in
reducing reaggregation.

In summary, all the estimations for the dispersion of graphite
platelets from characterization based on different physical
phenomena agree quantitatively (Af ) 13-21) while aspect
ratios of FGS spread over a wide range (Table 4). As mentioned
earlier, using the same in-plane stiffness and CTE for both
graphite and FGS is problematic. Another reason for this large
discrepancy among Af values for FGS could be complexities
associated with real composite morphology, such as imperfect
interfacial bonding, random orientation, and size distribution
of anisotropic fillers, that composite theories used in this study
do not account for. Attempts to take these departures from
ideality into account should be made to obtain more reliable
measures for the dispersion of layered nanocomposites.
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Appendix. Material Parameters Used for Composite
Modeling

The experimentally measured Young′s modulus of PEN (EPEN

) 2.35 GPa) and the literature modulus of graphite in the basal
plane (Egraphite ) 1060 GPa)5 were used for composite modeling
based on Mori-Tanaka and Chow’s model. Poisson’s ratios ν
of PEN and graphite are 0.3288 and 0.006.89 As pointed out by
Cho et al.,89 out-of-plane Poisson’s ratio values of graphite
determined either experimentally or theoretically vary over a
wide range. However, whichever value is chosen for this
analysis, there is no significant variation in predicted aspect ratio
since the effect of Poisson deformation is negligible due to the
small thickness of the platelets. For PEN films, coefficients of
thermal expansion in plane, RPEN|, and in thickness direction,
RPEN⊥ , are estimated to be 7.74 × 10-5 and 8.55 × 10-5/°C,
respectively, from measurements with a Rheometrics Solids
Analyzer and a Dynamic Mechanical Analyzer 7E (Perkin-
Elmer). It is assumed that R| and R⊥ are –1.5 × 10-6/°C and
27 × 10-6/°C for both graphite and FGS.49,50 Summation of
linear CTE’s in three perpendicular directions (� ) 2R| + R⊥
for transversely isotropic materials) gave the volumetric coef-
ficients of thermal expansion, �, of 2.4 × 10-4 for PEN and
2.4 × 10-5/°C for graphite and FGS. By approximating matrix
and filler phase as isotropic, KPEN ) EPEN/2(1 + νPEN) ) 0.89
GPa, Kgraphite ) 527 GPa, GPEN ) EPEN/(3 – 2νPEN) ) 2.17 GPa,
and Ggraphite ) 358 GPa.83
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