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Abstract

We have performed a series of morphology and CO2-probe diffusion analyses to ascertain the existence and composition dependence of
voids in graphite/poly(vinylidene fluoride) composites both above and below the graphite percolation threshold, as determined from
electrical conductivity measurements. Sorption data indicate that, with increasing graphite loading: (i) the diffusivity of CO2 in the composite
material decreases; and (ii) the volume fraction of voids in the material increases. Differential scanning calorimetry reveals that polymer
crystals nucleate heterogeneously on graphite particles and that samples containing graphite have higher degrees of crystallinity than the neat
polymer. Crystallinity effects appear to dominate barrier properties at low graphite loadings, while porosity effects dominate at high graphite
loadings. Our results strongly suggest that, although voids in these composites are probably associated with relatively poor adhesion along
graphite/polymer interfaces, the voids are also discrete (i.e. they do not form a continuous network, even if the graphite particles do).q 1999
Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

1.1. Background

Polymer/graphite composites have long been employed
in structural, aerospace and sporting goods applications. In
recent years, increasing attention has been devoted to devel-
oping graphite/polymer composites for applications where
electrical conductivity is required [1–4]. In addition to high
electrical conductivities, these so-called conductive poly-
mer composites (CPCs) often possess other desirable prop-
erties, such as corrosion resistance, low cost and ease of
processing. Given this combination of properties, graphite/
polymer composites present an attractive alternative to
metal conductors in certain applications, provided that suffi-
cient electrical conductivity can be achieved.

Electrical conductivity in graphite/polymer composites
can only be attained when a connected (percolated) network
of graphite particles is present. For any given graphite/poly-
mer system, the graphite percolation threshold,pc, is the

critical concentration of graphite particles which results in
the formation of such a network, also called an infinite
cluster, and thus the ability to carry electric current. As
such, measurements of electrical conductivity are widely
used to determine the percolation thresholds of graphite in
various polymer matrices [3–7]. According to percolation
theory, the electrical conductivity,

P
, of a sample is related

to the concentration,p, of conductive particles by:X
/ p 2 pc

ÿ �m �1�

wherem � 2 for a three-dimensional system (d � 3) [8].
While the electrical conduction and percolation behavior

of graphite in polymer matrices is generally well under-
stood, to date few analyses of the effect of the presence or
amount of graphite on the barrier properties of these materi-
als have been reported. However, the barrier properties of a
CPC can significantly affect its performance in an intended
application. Most applications of CPCs require high elec-
trical conductivity, low permeability to liquids or vapors,
and good corrosion resistance. All of these desired proper-
ties can be significantly compromised by the presence of
pores or voids in the material. Some diffusion and permea-
tion of small molecules through the polymer component of
the composite is to be expected, but the presence of voids
can drastically increase the material’s permeability and
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decrease its resistance to corrosion; the effect is even more
pronounced if the voids are connected in a continuous
network. In fabricating polymer/graphite composites,
voids can potentially form within clusters of graphite part-
icles or at graphite/polymer interfaces. In the case of inter-
facial voids, it is conceivable that if the graphite phase
percolates as required for electrical conduction, a percolated
void network could also form. Discrete voids, either at
graphite–polymer interfaces or within graphite clusters,
are less problematic.

Besides the presence of voids or void networks, the
morphology of the polymeric component also influences
the barrier properties of the composite material. In the
case of a semicrystalline polymer, small molecules can
diffuse only through amorphous regions. Thus if the
presence of graphite alters the polymer crystallinity, barrier
properties can be affected.

It is clear that the presence of graphite can significantly
alter the barrier properties of CPC materials. The principal
objective of this study is to characterize the effects of the
presence and relative amount of graphite on the morphology
(i.e. void content and crystallinity) of poly(vinylidene fluor-
ide) (PVDF) composites and the concomitant effects of
these morphological changes on barrier properties.

1.2. Sorption theory

One method of determining the void content of a CPC is
to measure the sorption of a probe gas into the material. The
void content of the composites studied here was interpreted
within the framework of the so-called dual-mode sorption
model, which is normally applied to glassy polymers. This
model assumes that sorption occurs via two processes: (i)
dissolution in the polymer (Henry’s law absorption); and (ii)
sorption into frozen-in ‘‘holes’’ or free volume in the glassy
state (Langmuir adsorption). For rubbery polymers (T . Tg),
only Henry’s law mode sorption occurs, resulting in a linear
sorption isotherm. In the glassy state (T , Tg), Henry’s law
sorption also occurs, but the presence of frozen-in free
volume produces distinctive curvature in the isotherm,
which is associated with a second mode of sorption termed
the Langmuir mode. In the present case, the polymer is
above its glass transition temperature, and we associate

any Langmuir-mode sorption (isotherm curvature) with
voids in the sample, either within graphite clusters or at
polymer/graphite interfaces.

In the dual-mode model, the total concentration (C) of
sorbed gas is obtained as the sum of the sorbed concentra-
tions corresponding to each mode of sorption, viz.:

C � kDP 1
C 0HbP
1 1 bP� � �2�

wherekD is the Henry’s law constant,P is the gas pressure,
C 0H is the Langmuir hole-filling capacity, andb is a hole
affinity constant [9–11]. In this equation, the first term
represents the Henry’s law mode and the second represents
the Langmuir mode of sorption. The parameter of particular
interest here is the Langmuir capacity,C 0H, which can be
taken as a measure of the pore volume in the composite
samples [12]. The volume fraction of pores in the sample,
fp, can be calculated from:

fp � C 0H
ÿ �

Vss

ÿ �
= VSTP

ÿ � �3�
whereVss (� 49 cc mol21 for CO2 [13,14]) is the sorbed-
state molar volume of the penetrant andVSTP

(� 22 400 cc mol21) is the penetrant molar volume at stan-
dard temperature and pressure. This sorption method for
measuring porosity in polymers is very sensitive, provided
that the probe gas has a low solubility (smallkD) in the bulk
polymer. The method has been used successfully to quantify
residual porosity and further gradual coalescence in poly-
meric latex films which were also aboveTg [15,16].

2. Experimental

2.1. Sample preparation

A series of thin (t130mm) film samples was prepared
from a commercial PVDF powder and a synthetic graphite
which were dry-blended by ball milling. The PVDF powder
is reported to have a molecular weight of 200–
270 kg mol21, a polydispersity index (Mw/Mn) of 2.6 and a
density of 1.785 g cm23. The graphite powder is reported to
have a density of 2.24 g cm23, and is specified to have 99%
of particles pass through a 200 mesh (75mm opening) sieve,
and 80%–90% pass through a 325 mesh (44mm opening)
sieve. Films were consolidated in a Carver laboratory press
with heated platens using a mold specifically designed to
produce films of known and uniform thickness. Pressing
conditions were varied according to the graphite content
of the mixed powders, but in each case pressure was main-
tained while the mold was heated to the desired temperature,
held for 10 min, then air cooled to room temperature. To
check consolidation quality, the densities of the pressed
films were measured using a conventional Archimedes tech-
nique. Pressing conditions for the films, along with their
measured and predicted densities, are provided in Table 1.
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Table 1
Pressing conditions and densities of composite films

Graphite content
(vol.%)

Die pressure
(psi)

Die temperature
(8C)

Film density
(actual/predicted)
(g cm23)

0 425 174–182 1.79/1.79
17 425 182–191 1.85/1.86
35 425 207–216 1.93/1.94
44 425 213–221 1.97/1.99
55 530 218–224 2.01/2.03
65 800 218–227 2.06/2.08



2.2. Sorption and diffusion experiments

Sorption experiments using CO2 as a probe gas were
performed to identify the barrier characteristics of the
composites, including the presence and connectivity of
voids. CO2 was chosen as the probe gas due to its inertness
and low solubility in PVDF. With a low penetrant solubility
in the bulk polymer, sorption by voids dominates the overall
sorption level, and the dual-mode sorption model can be
used to accurately determine pore volume.

Sorption data were collected by a conventional gravi-
metric method using a computer-interfaced Cahn C-2000
electrobalance. The chamber containing the sample was
evacuated and the sample was degassed until the sample
weight stabilized. The chamber was then backfilled with
CO2 to the desired pressure, and the weight gain of the
sample was monitored as a function of time. Once equili-
brium was reached, additional CO2 was introduced into the
sample chamber to reach the next desired pressure and the
data collection process was repeated. Data for 308C sorption
isotherms were collected in this manner through successive
sorption runs at increasing CO2 pressures, without re-evac-
uating or removing the sample from the chamber between
runs.

Each sorption run produces a single sorption kinetics
curve. Sorption kinetics curves are typically plotted as the
amount of penetrant sorbed (Mt) at a fixed temperature and
pressure versus the square root of sorption time [17], as
depicted in Fig. 1. This allows convenient use of:

Mt

M∞
� f y

ÿ �
f y
ÿ �

1 1 2 f y
ÿ �� �

g y
ÿ � �4�

which is an approximation developed by Balik [18] to
describe Fickian diffusion in a thin film of thicknessl. In Eq.
4, y� Dt/l2, f (y)� 4(y/p)1/2, g(y)� 1 2 (8/p 2)exp(2p2y),
andf (y) is a weighting function. From each curve, a diffu-
sion coefficient (D) and an equilibrium sorption level (M∞)
are obtained by fitting Eq. 4 to the sorption data. Sorption
isotherms are then obtained by plotting the cumulative

values of M∞, adjusted for the polymer content of the
composite as a function of penetrant pressure.

2.3. Differential scanning calorimetry

A DuPont 9900 differential scanning calorimeter was
used to obtain thermograms at heating and cooling rates
of 208C min21 for all the specimens. The heat of fusion
obtained from the first scan was used to calculate the degree
of crystallinity for the as-molded samples. After melting,
samples were held at 3008C for 2 min, then were cooled at
208C min21 to determine the crystallization temperature.
Melting temperatures, crystallization temperatures and
heats of fusion were recorded for each sample.

2.4. Scanning electron microscopy

Smooth cross-sections for microscopic observation were
obtained by sectioning the composite samples in a Reich-
ert–Jung Ultracut S cryo-ultramicrotome. Sectioning was
performed at21008C to avoid deformation of the samples
which would result if they were sectioned above2308C, the
glass transition temperature of PVDF, as determined by
differential scanning calorimetry. The microtomed cross-
sections of the samples were imaged using a Hitachi S-
3200N environmental scanning electron microscope oper-
ated at 15–30 kV. Since no conductive coating was applied,
specimen charging was eliminated by operating the micro-
scope at a partial pressure of 15–20 Pa. Images were
collected from backscattered electrons, providing atomic
number contrast between the fluorinated polymer and
graphite as a means of discriminating the two components.

2.5. Electrical conductivity measurements

Measurements of electrical conductivity were used to
determine the graphite percolation threshold of this
PVDF/graphite system. Bulk electrical resistivities of the
composite samples were measured using a standard four-
point probe device. This instrument applies a constant
current (I) to the sample through two of the probes, and
the resulting voltage (V) across the other two is measured.
For a sample of finite thickness,w, the resistivity (r ) is
calculated as:

r � V=I� �wCF �5�
whereC andF are geometric correction factors for sample
width/diameter and thickness, respectively [19]. The limit-
ing value ofC is p /ln2 � 4.532 for samples whose width
and length (in the case of rectangular samples) or diameter
(in the case of circular samples) are many times greater than
the probe spacing (s). The value ofF approaches unity as
w/s approaches zero. Exact values ofC andF for specific
test geometries may be calculated or read from tables such
as those provided in Smits [19]. Alternatively, many four-
point probe devices calculate one or both of the correction
factors internally. In the present case, the appropriate values
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Fig. 1. Sorption kinetics curve for CO2 at 93 Torr in a 44 vol.% graphite
sample at 308C. The solid line represents a fit to the data using Eq. 4.



of C were automatically applied to Eq. 4 by the instrument;
the samples were sufficiently thin relative to the probe
spacing so that no thickness correction was needed (F � 1).
Values of bulk electrical conductivity,

P
, were obtained by

simply inverting the corresponding values of resistivity,r .

3. Results and discussion

3.1. Sorption and diffusion results

Sorption isotherms acquired at 308C for CO2 in the five
composite films and a pure PVDF film are shown in Fig. 2.
Data are normalized for the amount of polymer in each
sample. The pure PVDF film exhibited Henry’s law beha-
vior, as expected for a polymer above its glass transition
temperature (Tg). Sorption isotherms for the composite films
possessed distinctive curvature reminiscent of a glassy
polymer, even though the polymer component was well
aboveTg. These isotherms could be quantitatively described
by the dual-mode sorption model given in Eq. 2.

A computer program incorporating the Levenberg–
Marquardt nonlinear regression algorithm was used to
simultaneously fit Eq. 2 to all five experimental isotherms

for the composite samples using single values ofkD andb,
and five different values ofC 0H. This choice was based on
minimizing the number of adjustable parameters and taking
into account the similarities among the various samples. The
pure PVDF sample was allowed to have a different value of
kD than the composites to account for morphological differ-
ences due to the absence of graphite (see the DSC results
later). The dual-mode parameters obtained from the
nonlinear regression, along with the corresponding void
fractions, are listed in Table 2.

The void fractions in Table 2 were calculated from the
C 0H values using Eq. 3. These numbers have been adjusted
for the amount of polymer in each sample to yield void
volume fractions on a total sample volume basis. As
expected, the pure PVDF sample contained no voids (no
isotherm curvature), but the composite samples possessed
void fractions that increased with increasing graphite load-
ing level, suggesting that the voids may be associated with
incomplete wetting at polymer/graphite interfaces. This
composition dependence of void content is illustrated in
Fig. 3. From Fig. 2, it is evident that the voids have a
large effect on the sorption behavior of the composites,
even though the void fractions are very small. The magni-
tude of the void fractions also illustrates the degree of sensi-
tivity of this technique for detecting the presence of voids.
The minute volume of voids present also suggests that a
connected network of voids is highly unlikely.
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Fig. 2. Sorption isotherms for CO2 in six PVDF/graphite composites at
308C. Pure PVDF (0 vol.% graphite) exhibits Henry’s law behavior, as
shown by the linear fit (dashed line). The isotherms for the graphite-
containing samples all exhibit curvature, indicating that some porosity is
present. Solid lines are fits to the dual-mode sorption model (Eq. 2).

Fig. 3. Composition dependence of composite void content.

Table 2
Dual-mode parameters

Graphite content (vol.%) kD
a (×104) bb (×103) C 0H

c Sample void fraction (×104)

0 11.92^ 0.05 – – –
17 9.19^ 0.25 5.84̂ 0.93 0.062̂ 0.020 1.13̂ 0.36
35 9.19^ 0.25 5.84̂ 0.93 0.144̂ 0.023 2.06̂ 0.33
44 9.19^ 0.25 5.84̂ 0.93 0.174̂ 0.024 2.17̂ 0.29
55 9.19^ 0.25 5.84̂ 0.93 0.302̂ 0.029 3.01̂ 0.29
65 9.19^ 0.25 5.84̂ 0.93 0.564̂ 0.043 4.32̂ 0.33

a kD � [cc CO2(STP)/cc polymer-Torr].
b b � [Torr21].
c C 0H � [cc CO2(STP)/cc polymer].



CO2 diffusion coefficients (D) obtained from plots such as
Fig. 1 at each pressure are displayed as a function of pene-
trant pressure in Fig. 4 for all of the samples. The CO2

diffusivities are essentially independent of pressure. To
determine the effect of graphite loading level onD, a
mean diffusivity (, D .) for each sample was calculated
from the set of values at each CO2 pressure. The unusually
high diffusivity for CO2 in the pure PVDF sample at
627 Torr was omitted in calculating, D . for that sample.
The mean diffusivities of the samples are plotted as a func-
tion of graphite content in Fig. 5.

Although it is somewhat evident from Fig. 4, Fig. 5
clearly shows that above 17 vol.% graphite, diffusivity
decreases with increasing graphite content. This was the
expected trend, since the graphite was assumed to be
impenetrable by the CO2 and exhibited no measurable
CO2 uptake in sorption studies conducted with pure
graphite powder. Graphite in sufficient concentrations
therefore appears to serve as a barrier to diffusion by
creating a more tortuous path for diffusing penetrant
molecules. A connected void network would create an
open diffusive pathway for CO2 molecules, and would

presumably cause an increase in CO2 diffusivity. The
decrease in , D . with increasing graphite content
indicates that the voids are not connected in a
continuous network.

3.2. Morphological characterization

Environmental SEM was used to qualitatively character-
ize the distribution of graphite particles within the PVDF
matrix. Cross-sectional images showed no evidence of a
preferred orientation of graphite particles. Although there
appear to be several small clumps of graphite particles, the
graphite is generally well-dispersed. A typical environmen-
tal SEM micrograph of a composite sample containing
55 vol.% graphite is provided in Fig. 6.

The crystallinity of the polymer portions of the samples
was characterized by differential scanning calorimetry
(DSC). The primary objective of the DSC analysis was to
determine differences in nucleation behavior and degree of
crystallinity between the PVDF and composite samples.
Although morphological differences here are primarily
attributed to the presence of graphite, note that the samples
did have slightly different thermal histories due to differ-
ences in their molding temperatures (see Table 1). The DSC
cooling profiles are displayed in Fig. 7. Crystallization
temperatures for samples containing graphite are consis-
tently several degrees higher than that of the neat polymer,
which strongly suggests that graphite particles act as hetero-
geneous nucleation sites for PVDF crystals. Crystallization
temperatures and other quantities obtained from DSC analy-
sis are listed in Table 3. The heats of fusion (DHf) listed in
the table are the integrated areas of the melting endotherms
between 150 and 1958C. Degrees of crystallinity were
calculated based on a value ofDHf � 105 J g21 for 100%
crystalline PVDF [20].

With the exception of the 65 vol.% graphite sample, the
heats of fusion of the PVDF in graphite-containing samples
are consistently higher than that of the pure polymer, indi-
cating that the PVDF in the composite samples has a higher
degree of crystallinity than the neat PVDF. Since sorption of
CO2 does not occur in crystalline polymer regions, the
increase in PVDF crystallinity associated with the presence
of graphite corresponds to the lower Henry’s law constant
(kD) obtained for samples containing graphite (see Table 2).
Melting temperatures for PVDF are also slightly higher in
the presence of graphite, which suggests that the lamellar
polymer crystals may be somewhat thicker in the composite
samples than in the pure PVDF.

Since there is no evidence from the sorption experiments
that pure PVDF samples contain voids, it follows that voids
are somehow associated with the presence of graphite.
Given the above evidence that PVDF nucleates heteroge-
neously on graphite particles, a possible mechanism for void
formation is poor particle wetting. Crystallization results in
a densification of the polymer molecules, so shrinkage along
graphite interfaces may accompany crystallization and
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Fig. 4. Diffusivities (D) of CO2 in six PVDF/graphite composites as a
function of CO2 pressure.

Fig. 5. Composition dependence of the mean diffusivity (, D .) of CO2 in
six PVDF/graphite composites.



result in particle dewetting. Another possibility is that voids
exist within clumps of graphite particles. SEM provides
evidence of some graphite clumps, but whether the clumps
contain voids is unknown.

Regardless of their location, the voids in these CPCs have
an important effect on the barrier properties of PVDF
containing graphite, but there is an apparent trade-off
between porosity and crystallinity effects. In samples with
low graphite concentrations, decreased sorptive capacity
due to increased PVDF crystallinity seems to outweigh the
increase in sorptive capacity due to the presence of voids
(see Fig. 2). For samples with high graphite loading, the
opposite holds true.

3.3. Determination of the graphite percolation threshold

The measured bulk electrical conductivities of the
composite samples are plotted in Fig. 8 as a function of
graphite content. Two theoretical fits of Eq. 1 also appear
in the figure. One curve fit (Fit 1) allows both the percolation
threshold,pc, and the exponent,m, to float during regression.
In the other fit (Fit 2),m is set to a fixed value of 2 (the

theoretical value for three-dimensional systems [8]) so that
only pc is calculated. These two approaches produce nearly
identical results, as represented by the solid and dotted lines
in Fig. 8. According to Fit 1, the regressed value ofm was
2.14 ^ 0.04, which lies within 10% of the hypothetical
value of 2. Since a very low but measurable conductivity
was achieved in the 35% graphite sample but no conductiv-
ity was detected for the 17% graphite sample, the percola-
tion threshold was anticipated to lie between these two
values. The diffusion coefficient data in Fig. 5 also suggest
a percolation threshold between 0.17 and 0.35; while a 17%
graphite loading has little effect on, D ., a significant
decrease inD occurs at a loading of 35%. Indeed, the calcu-
lated percolation thresholds for Fit 1 and Fit 2 were in close
agreement with prediction and each other, withpc� 0.319^
0.004 for Fit 1 andpc � 0.333^ 0.002 for Fit 2. With this
evidence, it seems reasonable to expect graphite percolation
to first occur at loadings of 31–34 vol.% in this PVDF-
matrix system.

4. Conclusions

Graphite acts as a barrier to the sorption and diffusion of
CO2 in PVDF. A percolated graphite network, present at
graphite concentrations greater than 31–34 vol.%, creates
a more tortuous path for diffusing probe-gas molecules
such as CO2, resulting in decreasing CO2 diffusivity with
increasing graphite content. The presence of graphite part-
icles also induces heterogeneous nucleation and increased
crystallinity of PVDF. Small amounts of voids are present,
but are not percolated, in graphite/PVDF composite
samples, and the volume fraction of voids increases with
increasing graphite content. Given this trend and that
PVDF nucleates heterogeneously on graphite particles, the
most likely mechanism for void formation in these com-
posite materials is poor particle wetting. The densification
that accompanies polymer crystallization may result in
shrinkage along graphite interfaces and subsequent particle
dewetting. Both increased PVDF crystallinity and the
presence of voids contribute to the sorptive characteristics
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Fig. 6. A PVDF/graphite composite containing 55 vol.% graphite which
has been cryo-microtomed and imaged in an environmental SEM at a
pressure of 15–20 Pa. Backscattered electrons are utilized to provide
atomic number contrast between fluorine (polymer phase, light) and carbon
(graphite phase, dark).

Fig. 7. DSC cooling (crystallization) profiles for six samples. A� 17 vol.%
graphite; B� 44 vol.% graphite; C� 65 vol.% graphite; D� 35 vol.%
graphite; E� 55 vol.% graphite; F� pure PVDF.

Fig. 8. Electrical conductivities of graphite/PVDF composite films. Open
circles� data; solid and dotted lines� fits to Eq. 1 (see text).



of the composites. At low graphite loading levels, crystal-
linity effects dominate, resulting in decreased sorptive capa-
city relative to pure PVDF. In samples with high graphite
loading, the opposite holds true, as higher void fractions
result in greater sorptive capacity.
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