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Abstract

Conductive polymer composites are ubiquitous in technological applications and constitute an ongoing topic of tremendous commercial
interest. Strategies developed to improve the level of electrical conductivity achieved at a given filler concentration have relied on double-
percolated networks induced by immiscible polymer blends, as well as mixtures of fillers in a single polymer matrix, to enhance interparticle
connectivity. In this work, we combine these two strategies by examining quaternary composites consisting of high-density polyethylene
(HDPE), ultrahigh molecular weight polyethylene (UHMWPE), graphite (G) and carbon fiber (CF). On the basis of our previous findings, we
examine the electrical conductivity, morphology, thermal signature and mechanical properties of HDPE/UHMWPE/G systems that show
evidence of double percolation. Upon addition of CF, tremendous increases in conductivity are realized. The mechanism by which this
increase occurs is termed bridged double percolation to reflect the role of CF in spanning non-conductive regions and enhancing the
continuity of conductive pathways. At CF concentrations above the percolation threshold concentration, addition of G promotes increases
in conductivity and dynamic storage modulus in which the conductivity increases exponentially with increasing modulus. © 2002 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Conductive polymer composites (CPCs) typically consist
of a polymeric matrix into which a carbonaceous filler is
incorporated. These multifunctional materials are routinely
employed in various commercial applications due to their
good electrical conductivity, light weight, corrosion resis-
tance and enhanced mechanical properties. Examples of
applications that use CPCs include battery and fuel cell
electrodes, as well as anti-static and corrosion-resistant
materials. Common conductive fillers of current techno-
logical relevance include carbon black (CB), graphite (G)
and carbon fiber (CF). While the utility of CPCs is well-
established, a new generation of efficient CPCs composed of
different polymers/fillers and possessing (i) a low percola-
tion threshold concentration (PTC) and (ii) high electrical
conductivity continues to be sought. The principal objective
of efforts in this vein is to optimize application properties
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with regard to processability and cost. Processing and asso-
ciated economic challenges arising from the addition of
large quantities of solid fillers to polymeric media have,
however, thwarted the development of CPCs. Factors such
as the size, shape, chemistry and aggregation behavior of
filler particles [1] must be considered in conjunction with
the thermodynamic and rheological properties of the poly-
mer matrix [2] and the processing conditions employed
[3,4]. Ongoing attempts to localize filler particles at the
interface or within one of the phases of an immiscible poly-
mer blend have demonstrated [5-7] that the PTC can be
substantially reduced in this manner for a given filler.
While several previous studies [8—12] have used this
strategy to reduce the PTC of CB in a variety of polymer
blends, we now turn our attention to immiscible blends in
which one of the components is high-density polyethylene
(HDPE). Due to melt-viscosity differences, CB particles
tend to reside predominantly within the HDPE phase,
which consequently promotes a substantial reduction in
the PTC of CB relative to comparable CPCs produced
from either constituent polymer [13—16]. Chan et al. [17]
have also considered neat ultrahigh molecular weight poly-
ethylene (UHMWPE) as a matrix polymer for CPCs. In
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marked contrast to CPCs derived solely from CB in HDPE,
however, the high melt viscosity of UHMWPE effectively
forces CB particles to locate almost exclusively along the
interface that develops when individual polymer particles
are fused together in the melt state. As in immiscible poly-
mer blends, this method of incorporating CB into a poly-
meric medium results in a reduced PTC. Similarly, addition
of CB particles to blends of UHMWPE and low-molecular-
weight polyethylene (LMWPE) yields ternary CPCs
wherein the CB particles disperse only in the low-viscosity
LMWPE phase [18]. Mamunya [19] has proposed that CB,
as well as other conductive particles, can be forced to segre-
gate in polymer blends if the particles either reside (as a
random distribution) within one of the blend components
prior to mixing or migrate to the polymer—polymer interface
after mixing.

Previous studies of immiscible polymer blends filled with
CB have not only focused on improving electrical conduc-
tivity, but have also investigated the corresponding varia-
tions that arise in mechanical property development and
fabrication [16,20—-22]. Other fillers, such as G and CF,
have likewise received similar attention in the ongoing
development of CPCs. Several different polymer blends
composed of HDPE filled with CF have been examined
by Zhang et al. [23—25]. They have shown that the conduc-
tivity of such ternary CPCs can be enhanced through double
percolation, which refers to the percolation of CF in the
HDPE phase and the continuity of the CF-filled HDPE
phase in the polymer blend. They also report that the disper-
sion of CF depends on the volume fraction of filler and
process parameters such as time and temperature. We
have recently observed [16] double percolation behavior
in immiscible HDPE/UHMWPE blends filled with either
CB or G. In the case of each filler, the electrical conductivity
and dynamic mechanical properties improve markedly as
the concentration of UHMWPE in the blends increases
(up to about 80 wt%). On the basis of morphological
evidence, these results are interpreted to indicate that
continuous HDPE channels filled with percolated filler
particles form in UHMWPE-rich blends. More modest
increases in electrical conductivity and mechanical proper-
ties are observed in HDPE/UHMWPE blends filled with CF
due to the large size of the CF particles relative to that of the
phase domains comprising the blends.

In a separate study [26], we have also found that mixtures
of conductive fillers (e.g. G and CF) in a single polymer
matrix can be used to enhance the electrical conductivity
and dynamic mechanical properties of CPCs. This observa-
tion reflects an overall improvement in the conductive path-
way established by particles differing in size and shape.
Thus far, we are unaware of any reports that combine, in
synergistic fashion, the approaches of blend-induced double
percolation and mixture-induced interparticle bridging
in the rational design of quaternary CPCs. The present
study investigates the electrical conductivity, morphology,
thermal signature and mechanical properties of HDPE/

UHMWPE blends filled with mixtures of G and CF.
These components have been selected to permit direct com-
parison with our previous reports of CPCs prepared with
either (i) HDPE and filler mixtures or (il) HDPE/UHMWPE
blends containing a single filler. While comparable CPCs
modified with CB are of equal interest in this vein, they are
excluded here due to processing difficulties.

2. Experimental
2.1. Materials

The HDPE and UHMWPE polymers used here were
received as powders from Celanese. The weight-average
molecular weight, mass density, melting temperature and
particle size range of the HDPE were <200 kg/mol,
0.964 g/cm®, 133°C and 30-90 wm, respectively. The
corresponding characteristics of the UHMWPE (GUR-
4130) were 3000-5000 kg/mol, 0.930 g/cm3, 133 °C and
100—150 pm, respectively. The G (#4424) powder with a
density of 2.24 g/cm’ and an aggregate size of about 40 pm
was obtained from Asbury. Chopped CF (#34-700) derived
from polyacrylonitrile was purchased from Goodfellow. It
had a diameter of 7.0 wm, a density of 1.77-1.80 g/cm3 and
alength of 760 pwm [26]. Its volume resistivity was reported
as 1.5x107° Q cm.

2.2. Methods

Powders of as-received HDPE and UHMWPE were first
dry-mixed in a mechanical mixer prior to the addition of G,
CF or G/CF mixtures. Upon addition of these fillers, each
polymer/filler mixture was further dry-mixed to achieve
a reasonably uniform dispersion. This mixture was then
evenly spread in a 40 X 120 mm? rectangular metal mold,
which was subsequently placed in a Carver hydraulic press
(Model-C) and heated at ~10°C/min to temperatures
between 160 and 190 °C. At these temperatures, 7.2 MPa
of pressure was applied to the mixture for 3 min to ensure
complete melting of both polymers. The mold was then
cooled at ~20 °C/min by circulating cold water through
the platens to inhibit polymer migration. Composite films
measuring 0.2—0.8 mm thick and having a maximum filler-
mixture loading level of 60 wt% G and 15 wt% CF were
obtained by this process. Composite films containing higher
concentrations of filler mixture were not uniform and conse-
quently excluded from this study.

The electrical resistivity of CPC films cut to 40 X 40 mm?
was measured at ambient temperature by the four-point
probe technique (Veeco 5000). The output was subse-
quently corrected for sample geometry. The average resis-
tivity of each sample was obtained from seven repeated
measurements at different locations on the sample, and
was then converted to an average conductivity for reporting
purposes. The spatial distribution of the G/CF mixture
in several HDPE/UHMWPE blends was determined by
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Fig. 1. Conductivity presented as a function of molding temperature for
three composites prepared with 35 wt% PE{, 50 wt% G and 15 wt% CF. In
all cases, the molding time is 3 min. The solid line is a guide for the eye, and
the error bars denote one standard error in the data.

reflection optical microscopy (BX-60, Olympus). Images of
polished sample surfaces (in contact with the metal mold)
were acquired with a digital camera (Spot RT, Diagnostic
Instrument). The effects of the G/CF mixture on the thermal
characteristics of the polymer blend—e.g. melting and crys-
tallization temperatures (7}, and T, respectively), specific
heat of fusion (Ahy) and overall crystallinity—were
measured by differential scanning calorimetry (DSC). The
calorimeter (DSC-7, Perkin—Elmer) was operated at heating
and cooling rates of 20 °C/min. Crystallinities were ascer-
tained from the ratio of the measured Ak to Ah; correspond-
ing to 100% crystalline polyethylene (245.3 J/g [27]). The
mechanical properties of these quaternary CPCs were inves-
tigated by dynamic mechanical analysis (DMA) performed
on a DMA 983 (TA Instruments). In these tests, the dynamic
storage and loss shear moduli (G and G”, respectively), as
well as tan 8 (= G"/G’), were evaluated as functions of
temperature at small strain amplitudes and a fixed frequency
of 1.0 Hz in the linear viscoelastic limit. Specimens measur-
ing 13 X 40X 0.5 mm® were annealed at 90 °C for 60 min
prior to DMA and DSC analyses to ensure removal of resi-
dual stresses arising from molding.

3. Results and discussion

Since the CPCs of interest here are composed of four
different components, namely, HDPE, UHMWPE, G and
CF, a small subset of the total specimen matrix must be
identified for feasibility purposes. Part of the subset is
mandated on the basis of CPC processability (as discussed
in Section 2.2). Additional insight into specimen choice can
be gleaned from prior experimental findings. Ternary CPCs
based on HDPE/UHMWPE blends containing either CB or
G exhibit conductivity maxima at blend compositions near
80 wt% UHMWPE. Therefore, it is sensible to select one of
the HDPE/UHMWPE blends near this composition for
investigation in the present study. In addition to examining
CPCs composed of HDPE as the reference material (in
which G and CF distribute uniformly), we also elect to
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Fig. 2. Dependence of conductivity on filler concentration for composites
derived from PE and containing either G (O) or CF (@®). The solid lines
serve as guides for the eye, and the error bars denote one standard error in
the data.

choose an intermediate blend composition to facilitate
comparison. Composite films consisting of HDPE, 50/50
and 25/75 w/w HDPE/UHMWPE blends and filled with
mixtures of G and CF are reproducible (within acceptable
experimental error) in terms of their measured properties
and are selected here for detailed analysis. For the sake of
brevity, the 50/50 w/w HDPE/UHMWPE blend is here-
after referred to as PE\, whereas the 25/75 w/w HDPE/
UHMWPE blend is denoted PEﬁ%). In addition to CPC
composition, variation in process conditions must also be
considered to achieve CPC reproducibility. Molding tem-
peratures ranging from 160 to 190 °C have been used to
prepare CPCs filled with G/CF mixtures. According to the
electrical conductivity data presented in Fig. 1 for PE{, this
process variable significantly affects CPC property develop-
ment and reproducibility. In contrast, the molding time at
190 °C has little effect on conductivity (data not shown).
Thus, molding is conducted at 190 °C for 3 min throughout
the remainder of this study.

3.1. Electrical conductivity

Fig. 2 provides the electrical conductivity of CPCs based
on PE as a function of either G or CF loading level. The
first datum point in each data set identifies no conductivity,
whereas the second point corresponds to non-zero conduc-
tivity near the PTC. These data clearly show that the PTC of
the CPCs containing CF is substantially lower than that of
the CPCs with G. Moreover, conductivity is observed to be
more strongly dependent on filler concentration in the CF-
based CPCs than in the G-based materials. This composition
sensitivity is attributed to the size of the CF particles, which
are considerably longer than the G particles and which are
more likely to form continuous conductive pathways within
the polymer blend. Conductivity measurements acquired
from the quaternary CPCs of principal interest in the present
work are displayed as a function of filler content in Fig. 3 for
HDPE, PE{}’ and PE{}’ containing 15 wt% CF and varying
concentrations of G. Note that CPCs composed of neat
UHMWPE are excluded from this comparison due to their
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Fig. 3. Variation of conductivity with total filler concentration for HDPE
(@), PEYY (O) and PE (A) composites containing mixtures of G and CF.
In all cases, the concentration of CF accounts for 15 wt% of the composite.
The solid lines serve to connect the data, and the error bars denote one
standard error in the data.

typically low conductivity [16]. Since the convention by
which we designate composition in these quaternary CPCs
is important, we provide an example of how to analyze the
data shown in this figure. Consider a CPC composed of PEY
with 60 wt% filler. This system consists of 15 wt% CF,
45 wt% G and 40 wt% polymer, the latter of which can be
further divided into its blend components— 10 wt% HDPE
and 30 wt% UHMWPE.

As anticipated from Fig. 2, an increase in filler concen-
tration is generally accompanied by an increase in electrical
conductivity due to greater interparticle contact. Compari-
son of the data in Figs. 2 and 3 reveals that CPCs prepared
from neat HDPE and mixtures of G and CF exhibit signifi-
cantly higher conductivity than CPCs derived from PEY in
the presence of only G. At 75 wt% filler, for instance, the
conductivity of the PE{/G composite is about 18 () cm) !,
whereas that of the HDPE/G/CF composite is about
37 (Q cm) ~'. Addition of 15 wt% CF to 60 wt% G therefore
accounts for more than a 100% increase in conductivity. By
incorporating UHMWPE into these CPCs, the conductivity
can be further improved, as evidenced by the data obtained
from the PE{]’- and PE{?-based CPCs in Fig. 3. If we again
consider the CPCs with 75 wt% filler, we see that the
conductivity increases from 37 to 64—-69 (€} cm) ! as the
UHMWPE content increases from 0 to 50-75 wt%. Over
this composition interval under constant filler conditions,
the electrical conductivity increases by 1.5-2.2 X over the
entire range of filler concentrations examined. The results
provided in Figs. 2 and 3 also indicate that substitution of
15wt% CF for G in the PEJ/G composite promotes a
considerable increase in electrical conductivity (by about
280% at 75 wt% filler content).

It is interesting to note that the conductivity increases
evident in Fig. 3 become more pronounced at mixed filler
concentrations above 50 wt%. At this concentration, the
CPCs consist of 35 wt% G and 15 wt% CF. According to
the conductivity measurements provided in Fig. 2 and
detailed elsewhere [16], the PTC of G in PE{} is approxi-
mately 35 wt%. In neat HDPE, this PTC occurs at closer to
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Fig. 4. Schematic diagram showing the effect of polymer blend composition
on filler connectivity. If one phase (A, gray) of an immiscible blend
possesses a higher melt viscosity than the other (B), G and CF particles
will locate in B (a). As the fraction of A increases (b), the G/CF mixture
becomes constrained within channels of B, eventually forming a bridged
double-percolated network. In this case, discrete G-rich channels of B are
connected by CF particles.

50 wt% G [26]. Thus, the PTC of G can be controllably
lowered through judicious choice of blend components
and composition in a CPC. In marked contrast, the PTC of
CF is relatively independent of composition in the HDPE/
UHMWPE system, varying from about 5.0 wt% in neat
HDPE to 7.5 wt% in PE{’. At 15 wt%, CF is above its
PTC in all the CPCs discussed with regard to the conduc-
tivity measurements in Fig. 3. Two issues must therefore be
addressed to elucidate the mechanism by which conductiv-
ity is improved in these systems. The first is the role of the
UHMWPE in the polymer blends, and the second is the CF
loading level. Addition of UHMWPE to HDPE results in
transient phase segregation due to a substantial difference in
melt viscosity [28]. An increase in UHMWPE content there-
fore promotes the formation of UHMWPE- and HDPE-rich
regions, as schematically depicted in Fig. 4(a). If the matrix
consists of HDPE, both G and CF at a given filler concen-
tration are anticipated to remain isotropically distributed
within the low-viscosity HDPE phase. In this case, the
purpose of the CF is to bridge distant and unconnected G
particles, thereby increasing the net conductivity of the
composite.

As the composition of UHMWPE increases, however, the
HDPE is arranged into continuous channels that remain
filled with G particles. This leads to the formation of a
double-percolated network [8,16,23-25,29,30], which is
shown in Fig. 4(b). Such localization of filler particles
induces an enormous increase in conductivity. As alluded
to earlier, double percolation occurs up to about 80 wt% in
the HDPE/UHMWPE blend system. At this blend composi-
tion, a conductivity maximum is observed [16] in the case of
CB and G fillers. At higher UHMWPE concentrations,
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Fig. 5. Conductivity presented as a function of total filler concentration for
PE{}-based composites containing mixtures of G and CF at two different
loading levels of CF (expressed as wt% of the composite): 5 (A) and 15 (A).
The solid lines serve to connect the data, and the error bars denote one
standard error in the data.

conductive pathways are obstructed and CPC conductivity
decreases as the HDPE-rich regions eventually become
isolated. This model explains how the composition of the
polymer blend comprising a CPC impacts conductivity, but
does not address how the mixed G/CF filler promotes the
tremendous conductivity increases evident in Fig. 3. Since
the CF particles are substantially longer than the particle
sizes of HDPE and UHMWPE, we anticipate that, at high
UHMWPE concentrations, the CF can span UHMWPE-rich
domains and connect G-rich HDPE domains that may not be
otherwise connected. This postulated scenario is shown in
Fig. 4(b) and suggests that the CF particles not only bridge
G particles within single HDPE channels, but also bridge
G particles residing in neighboring channels, thereby pro-
moting more conductive pathways through the composite
medium. We therefore refer to this mechanism as bridged
double percolation to reflect the requirements of (i) double
percolation and (ii) interchannel connectivity.

Since double percolation (and, by logical inference,
bridged double percolation) is most pronounced in CPCs
derived from PE{, we focus our attention on this system
for the remainder of this study. Another consideration in the
design of CPCs based on bridged double percolation is the
role of CF concentration. As mentioned earlier, CF at
15 wt% is above its PTC and promotes electrical conductiv-
ity and mechanical stability [26]. Fig. 5 displays conductiv-
ity data acquired from PE{}’ filled with 5 and 15 wt% CF and
varying levels of G. At low mixed filler concentrations, the
conductivity level of the CPCs with 5 wt% CF is not far
removed from the PTC of the system (i.e. near zero conduc-
tivity). Beyond 50 wt% filler, however, the conductivities of
the CPCs with 5 and 15 wt% CF are both found to increase
sharply. Over the entire filler concentration range examined
here, the conductivities of the CPCs with 5 wt% CF are
generally less than those of the composites with 15 wt%
CF. This observation is consistent with the bridged double
percolation model depicted in Fig. 4. In the event that no CF
is added to PEY (Fig. 2), the maximum conductivity
achieved at any given filler loading level directly reflects

Fig. 6. Low- and high-magnification optical micrographs obtained from
composites produced with 50 wt% G, 15 wt% CF and 35 wt% of the
following polymeric constituents: (a,b) HDPE, (c,d) PEY or (e,f) PEY.
These images have been acquired in reflection mode from polished speci-
men surfaces.

the conductive pathways established solely by contacted
filler particles in continuous HDPE channels. To achieve
greater conductivity, CF particles must be present to ensure
that the G particles in neighboring channels are physically
connected even though the channels are not.

3.2. Morphological characteristics

Since the fillers employed here are relatively large, we
expect that the bridged double percolation model proposed
here can be corroborated by examining the morphologies of
the quaternary CPCs discussed with regard to Fig. 3. Optical
micrographs acquired in reflection mode of polished CPCs
composed of 35 wt% polymer and 65 wt% filler (50 wt% G
and 15 wt% CF) are displayed for different blend composi-
tions in Fig. 6. If the polymer matrix is neat HDPE (Figs.
6(a) and (b)), the G and CF particles, which appear as bright
features set against a dark polymer-rich background, are
observed to be uniformly and isotropically distributed.
Note, however, the existence of relatively large gaps
between some of the particles. These gaps, most likely
due to the presence of HDPE spherulites, reduce the
degree of contact between neighboring particles and,
hence, the net conductivity of the HDPE/G/CF composite.
Once UHMWPE is introduced into these CPCs, the particles
adopt a more selective, anisotropic spatial arrangement.
In the CPCs derived from PE{} (Figs. 6(c) and (d)), the
G particles localize within continuous regions that are
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Fig. 7. Optical micrographs of PE{ filled with 15 wt% CF and different
concentrations of G (in wt%): (a) 0, (b) 10 and (c) 35. These images have
been collected under the same conditions as those shown in Fig. 6.

presumably HDPE-rich, since low-viscosity HDPE can effi-
ciently wet the carbonaceous filler particles and flow around
high-viscosity obstacles. While many of the CF particles
tend to orient within these regions, some span across poly-
mer-rich (dark) regions that measure on the order of 100—
200 wm across. This size scale is consistent with the particle
size of the as-received UHMWPE, in which case it is
reasonable to designate these regions as UHMWPE-rich.
As expected, the G particles do not disperse within these
regions due to the high-viscosity of UHMWPE. Figs. 6(c)
and (d) confirm that HDPE/UHMWPE blends can undergo
transient phase-segregation, which agrees with the previous
findings of Vadhar and Kyu [28]. These images also demon-
strate that (i) the filler particles selectively localize within
the HDPE phase, and (ii) the CF serves to connect G parti-
cles residing in the same, as well as in adjacent, channels.

If the UHMWPE content is further increased to 75 wt%
of the HDPE/UHMWPE blend (as in Figs. 6(e) and (f)), the
HDPE-rich regions become narrower due to greater volu-
metric constraints, thereby forcing the G and CF particles to
pack together more efficiently at constant filler concentra-
tion. The presence of CF-induced interchannel connections
is clearly visible in these micrographs and further supports
the bridged double percolation mechanism introduced
earlier. Another interesting point to recognize in this

image pair is that the area fraction of UHMWPE-rich
regions increases with increasing UHMWPE composition.
This observation, which is to be expected for fully immis-
cible polymer blends, implies that these two polymers,
while chemically identical, do not co-crystallize under the
conditions employed here, as explained by Sumita et al.
[31]. It is important to remember that the highly constrained
particles evident in Figs. 6(e) and (f) reflect a CPC at high
filler loading. A series of optical micrographs obtained at
lower filler concentrations is provided in Fig. 7. In this
series, all the CPCs possess 15 wt% CF and levels of G
ranging from 0 wt% in Fig. 7(a) to 35 wt% in Fig. 7(c). In
Fig. 7(a), the CF particles are randomly oriented in a con-
tinuous polymer matrix. While no evidence of phase segre-
gation is discernible in this CPC (which is to be expected
since the CF particles are longer than, and less affected by,
the high-viscosity UHMWPE domains), large gaps are seen
to exist between the CF particles. Addition of 10 wt% G
(Fig. 7(b)) is accompanied by the onset of particle localiza-
tion. As in Fig. 7(a), however, the dispersion of CF particles
does not appear to be strongly affected. Note that some of
the CF particles reside in close proximity to the G particles.
Increasing the G concentration to 35 wt% (Fig. 7(c)) clearly
reveals that (i) the G particles localize within the HDPE-rich
channels and (ii) CF particles span UHMWPE-rich regions
to connect G particles in adjacent HDPE-rich regions.

3.3. Thermal properties

As mentioned earlier, an important consideration in the
development of CPCs derived from a semicrystalline poly-
mer blend is the influence of polymer crystals on filler par-
ticle dispersion. The converse is likewise true. A solid filler
incorporated into the matrix of a semicrystalline polymer
may behave as a heterogeneous nucleating agent. To deter-
mine if G, CF or G/CF mixtures have any influence on
HDPE or UHMWPE crystallization, we next examine the
thermal signatures of the polymer blends and CPCs
prepared during the course of this study. Table 1 is a com-
pilation of the thermal properties measured from HDPE,
UHMWPE and select HDPE/UHMWPE blends in the
absence of filler. Within experimental uncertainty, 7, and
T, are virtually independent of blend composition in this
series. The crystallinity of the neat HDPE is determined
from the measured value of Ak to be 85.0%, which is
much higher than that of the UHMWPE (45.4%). The crys-
tallinities of the 50/50 and 25/75 w/w HDPE/UHMWPE
blends are 65.0 and 56.4%, respectively. It is reassuring
that these experimental values are in agreement with crys-
tallinities predicted from the linear rule of mixtures (65.5
and 54.6%, respectively).

Since the melting temperatures of the two polymers are
almost identical, it cannot be ascertained from these data
alone if HDPE and UHMWPE co-crystallize. While an in-
depth analysis of DSC thermograms and light scattering
patterns may reveal whether these polymers are capable of
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Table 1

Thermal properties of HDPE, UHMWPE and their blends (determined from DSC performed at heating and cooling rates of 20 °C/min)

Specimen T (°C) T, (°C) Ahg (J/g) Crystallinity® (%)
HDPE 133 107 209 85.0
UHMWPE 133 107 111 45.4
50/50 w/w HDPE/UHMWPE 135 107 160 65.0
25/75 w/w HDPE/UHMWPE 132 107 138 56.4

* Calculated from the ratio of the measured Ak to Ah; of a 100% crystalline polyethylene (245.3 J/g [27]).

co-crystallization [32,33], such analysis is beyond the scope
of the present study. According to the data provided in Table
2, addition of a mixed filler composed of 50 wt% G and
15 wt% CF to the three polymer systems listed in Table 1
has almost no effect on the thermal properties of the result-
ant CPCs. These findings, which are consistent with pre-
vious results acquired from CPCs consisting of (i) HDPE
with mixtures of G and CF [26] and (ii) PE{’ with either G
or CF [16], demonstrate that the carbonaceous fillers exam-
ined here do not alter the thermal properties of the parent
polymers and their blends. Moreover, these fillers do not
induce heterogeneous nucleation in these polyethylene-
based CPCs. In similar fashion, Xu et al. [34] have also
reported that CB does not affect the thermal behavior of
UHMWPE on the basis that the polymer crystal size is
independent of the filler loading level.

3.4. Mechanical properties

The dynamic shear moduli (G’ and G”) of all the polymer
blends and CPCs investigated here have been measured
from 25 to 120 °C. Since the storage modulus directly
relates to specimen stiffness and mechanical stability, we
only discuss the temperature (7') dependence of G’ in this
section. (The corresponding temperature dependence of G”
does not reveal any notable features and is not included
here.) The effect of temperature on G’ measured from the
neat HDPE and UHMWPE, as well as from PE{}’ and PE{?,
is shown in Fig. 8. In all cases, G’ is observed to decrease
monotonically with increasing temperature until it reaches a
temperature at which it drops precipitously. This tempera-
ture, which is associated with the onset of crystal melting or
polymer flow, is material-dependent: about 90 °C for HDPE
and PE{}, 98 °C for PE{’ and 117 °C for UHMWPE. Note

Table 2

Thermal properties of CPCs composed of HDPE and UHMWPE/HDPE
blends (specimens consisted of 35 wt% polymer, 50 wt% G and 15 wt%
CF, and were characterized as in Table 1)

Specimen® T, °C) T.(°C)  Ah;(J/g) Crystallinity (%)
HDPE/(G+CF) 135 108 199 81.1
PE{/(G+CF) 133 110 159 64.8
PE?/(G+CF) 132 105 132 53.8

* PE{Y and PEY refer to the 50/50 and 25/75 w/w HDPE/UHMWPE
blends, respectively.

that these temperatures are significantly lower than the T},
values reported in Table 1. As expected from the previous
DSC results, the G'(T) data provided in Fig. 8 do not exhibit
any other thermal transitions, in which case we now turn
our attention to the magnitude of G’. Up to ca. 70 °C, G’
measured from the four systems discussed earlier lies
between 10% and 10° Pa, with the high-crystallinity HDPE
consistently possessing the highest G’. While the values of
G’ obtained from the two blends fall between those of neat
HDPE and UHMWPE, they do not obey the rule of
mixtures, which most likely reflects poor mixing [35]. At
temperatures just above 70 °C, the relative order in which G’
continues to decrease with increasing temperature changes.
For instance, G'(T) corresponding to the neat HDPE
becomes more sensitive to temperature and decreases
more sharply than that of the other systems as it approaches
its catastrophic-failure temperature. The data displayed in
Fig. 8 reveal that UHMWPE exhibits the greatest thermal
stability relative to HDPE and the two blends due to its high
degree of chain entanglement (which hinders polymer
motion at elevated temperatures).

Upon addition of 50 wt% G and 15 wt% CF to HDPE and
the two polymer blends discussed with regard to Fig. 8, the
magnitude of G’ increases by at least 6 X, as is evident in
Fig. 9. The CPC composed of HDPE exhibits the highest G’,
followed closely by the CPC derived from PE{}’. This order
is consistent with the DSC results listed in Table 2, which
confirm that polymer crystallinity is unaffected by the addi-
tion of the G/CF mixture. Although these filler-induced
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Fig. 8. The dynamic storage modulus (G') displayed as a function of
temperature for unfilled HDPE (@), UHMWPE (A) and PE,&%) (O). Values
of G’ measured from PE{} lie very close to those of neat HDPE and are not
included here for that reason. The solid lines serve to connect the data.
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Fig. 9. Temperature dependence of G’ for composites containing 50 wt% G,
15 wt% CF and 35 wt% of the following polymeric constituents: HDPE
(@), PE{ (O) or PE (A). The solid lines serve to connect the data.

increases in the magnitude of G’ are certainly attractive, the
most striking feature of the G'(T) data in Fig. 9 is the
absence of a temperature at which a steep reduction in G’
occurs (as in Fig. 8). Incorporation of the G/CF mixed filler
into HDPE and the two HDPE/UHMWPE blends promotes
a substantial improvement in the thermal stability of the
CPCs to temperatures beyond 120 °C. While this improve-
ment is achieved at a relatively high loading of mixed filler
(50 wt% G and 15 wt% CF), it is important to identify the
CPC features responsible for such improvement. Fig. 10
shows G/(T) for the PEﬁ? blend and its CPCs with varying
levels of G and CF. As in Fig. 8, the unfilled blend exhibits a
temperature at which G’ decreases dramatically. Addition of
either G or CF to the blend at a loading level near or above
the PTC (35 wt% for G and 5 wt% for CF) yields a ternary
CPC that remains thermally stable at much higher tempera-
tures. Mixtures of these fillers (i) maintain thermal stability
at temperatures beyond 120 °C and (ii) increase the magni-
tude of G’ over the temperature range explored. Consider,
for example, the properties of the CPCs at 30 °C. The value
of G’ for the unfilled PE{? blend at this temperature is about
0.45 GPa. The corresponding values of G’ for the ternary
CPCs with 35 wt% G or 15 wt% CF are 1.14 and 1.41 GPa,
respectively. By combining both fillers at these concentra-
tions to form a quaternary CPC, G’ increases to 2.31 GPa,
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Fig. 10. Variation of G’ with respect to temperature for PE{ filled with
mixtures of G and CF at different concentrations (in w/w G/CF): 0/0 (H), 0/
15 (@), 35/0 (A), 35/15 (A) and 60/15 (O). The solid lines serve to connect
the data.
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Fig. 11. Dependence of conductivity (O) and G' (@) on G loading in PEl(ﬂZ)
filled with 15 wt% CF. The solid lines connect the data. Error bars on the
conductivity data denote one standard error, while those on the G' data
represent = 10% uncertainty.

which is surprisingly close to the sum of the G’ values
(2.55 GPa) obtained from the two ternary systems.

Thus, the mechanical, as well as conductive, properties
of quaternary CPCs can be finely tuned by judicious
choices of blend and filler composition. While the experi-
mental matrix for quaternary systems precludes systema-
tic variation of all the CPC components employed here,
we now focus on establishing the effect of G concentration
on the electrical conductivity and mechanical properties
of CPCs composed of PE](J%) with 15 wt% CF. These data
are presented in Fig. 11. On the basis of the previous
findings reported in this work, an increase in the loading
level of G is expected to increase both the conductivity
and G, which is apparent in this figure. It is interesting to
note that the conductivity displays an abrupt increase at
the PTC of G (35 wt%). Whereas the G-induced increase
in conductivity is significant as it increases by an order of
magnitude from 6.9 (Q cm) " at 0 wt% G to 69 (2 cm) '
at 60 wt% G, the corresponding increase in G’ is relatively
modest. These measurements reveal that once a filler is
percolated in a CPC (recall that, at 15 wt%, CF is above its
PTC), incorporation of additional filler material strongly
impacts the conductivity by establishing more conductive
pathways. Since a reinforcing network is already in place,
however, the additional filler has less effect on the mechanical
properties of the CPC. The data provided in Fig. 11 can be
cross-plotted, as in Fig. 12, to yield conductivity as an expli-
cit function of G'. This relationship reveals an unexpected
result, namely, that the conductivity increases exponentially
(denoted by the solid line in Fig. 12) with respect to G’ in the
quaternary CPCs used to generate Fig. 11. Thus, a small
increase in G’ is accompanied by a rather significant
increase in electrical conductivity.

4. Conclusions

Conductive polymer composites remain an important
topic in the development of new and efficient multi-
functional materials. Numerous studies have previously
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Fig. 12. Conductivity shown as a function of G’ for the same systems
displayed in Fig. 11. The concentrations of G (in wt%) are 0 (O), 10 (@),
35 (A), 50 (A) and 60 (). The solid line is an exponential fit to the data.
The error bars are described in the caption of Fig. 11.

established the importance of polymer—polymer miscibility
in the presence of a single carbonaceous filler, as well as the
utility of using mixed fillers in the presence of a single
polymer. In this work, we have combined these two design
strategies—a phase-segregated polymer blend and a
mixture of fillers—to develop novel quaternary composite
materials composed of HDPE, UHMWPE, G and CF. On
the basis of electrical conductivity measurements, we have
proposed the concept of a bridged double percolation
network. In this model, one filler (e.g. G) is selectively
located and percolated within a polymer phase that forms
continuous channels and is itself percolated throughout the
blend. The purpose of the second filler (e.g. CF) is to span
across insulating regions and further connect existing
conductive pathways. In this manner, the second filler
serves to bridge the double-percolated network and enhance
the net conductivity of the composite. This model is consis-
tent with optical micrographs obtained from composites
differing in blend and filler composition. These factors
also affect the mechanical properties of such composites.
Once the PTC of either filler is reached, the dynamic storage
modulus of these quaternary composites becomes less
temperature-dependent and remains stable up to 120 °C,
which is about 30 °C higher than the temperature at which
the modulus of HDPE drops precipitously (due to the onset
of crystal melting or polymer flow). At these filler concen-
trations, further addition of filler results in a substantial
increase in electrical conductivity, but a modest increase
in modulus. Under the conditions examined here, we find
that conductivity increases exponentially with increasing
modulus. The mechanisms and relationships identified in
this work are anticipated to expedite the rational design of
multicomponent CPCs, as well as promote an improved
understanding of how the properties of commodity
materials can be best utilized to achieve application
requirements.
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