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ORIGINAL ARTICLE

Evaluation by tunneling effect for the
temperature-dependent electric conductivity
of polymer-carbon fiber composites with

visco-elastic properties

Rong Zhang, Yuezhen Bin, Ru Chen and Masaru Matsuo

The conductivity of composites with a carbon fiber (CF) content slightly higher than the percolation threshold was measured at
increasing temperatures up to —10 °C. The tunneling effect was theoretically calculated using a rigorous nonparabolic potential
barrier. The tunneling barrier width D and the surface area A were determined. For a polyethylene (PE) matrix, good agreement
between theoretical and experimental results was obtained using D=1.00 nm and A= 1.35 to 1.68 nm? at a 30-vol% CF

content and using D=1.30nm and A=1.25 to 1.28 nm? at a 25-vol% CF content. That is, almost perfect agreement between

experiment and theory was obtained by adjusting the parameters except over the temperature ranges in which the p and y
relaxation peaks appeared. Dynamic loss modulus and positron annihilation measurements were also conducted. However, a
theoretical analysis that was derived using a parabolic potential barrier produced inconsistent results. That is, the tunneling
barrier width D was less than the c-axis length of a PE crystal unit, and the surface area A was considerably less than the a-b

plane area of a PE crystal unit.
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INTRODUCTION
It is well-known that the conductivity of composite systems, such as
polymer-carbon nanotube composites, polymer-carbon fiber (CF)
composites, and polymer-carbon black composites, increases with
temperature up to 0°C and then decreases upon further increasing
the temperature.!™'? The conductivity increase up to 0°C by the
enhancement of electron transport has been attributed to two
mechanisms, electron hopping!>~!7 and electron tunneling.>~>18-22

Electron hopping is thought to occur by two mechanisms. The first
mechanism predominates at high temperatures at which there is
sufficient excess thermal energy to excite the electrons into the
conduction band, and the conductivity can be evaluated using
Arrhenius plots. The second mechanism is known as variable range
hopping (VRH) and has been theoretically modeled by Mott and
Davis!? at low temperatures, the excited electrons lose their ability to
jump into the conduction band and instead attempt to find a state
with similar energy to their own by hopping beyond their nearest
neighbors to more distant sites, corresponding to a greater selection
of possible electron energy levels.

Two types of electron tunneling have been observed. The first type
is the electric tunneling effect, which occurs between similar

electrodes that are separated by a thin insulating film, and was
discovered by Simmons'® the current given by the mean barrier
height above the Fermi level of the negatively biased electrode can be
approximated by the product of the electron charge and the voltage
across the film at absolute temperature. The second type is
fluctuation-induced tunneling conduction in disordered materials,
which was discovered by Sheng et al.!®?" The authors modeled the
temperature-dependent conductivity using a fluctuation probability
function when the thermal fluctuation field was stronger than the
applied field. That is, the logarithm of the Fermi-Dirac function was
approximated as —E for E<O0 and 0 for E>0 (where E denotes
the electron energy in the tunneling direction) to facilitate numerical
calculation. Sheng’s theory has been appropriated in many
studies, > 72022 jp conjunction with a parabolic potential barrier, to
estimate the conductivity of polymer semi-conductive and conductive
filler systems as a function of the absolute temperature T, that is,

T
T+T,

a(T) o< exp[ — ] (1)

where T, is a parameter that may be interpreted as a limit
temperature associated with the thermal fluctuations above T, and
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T is related to the shape of the energy barrier to tunneling. However,
the conductivity given by Equation (1) is only valid for a parabolic
potential barrier.

In this study, the temperature dependence of electron transport is
theoretically and experimentally investigated for ultra-high molecular
weight polyethylene (UHMWPE)-CF composites using a nonpara-
bolic function for the potential barrier in Sheng’s general theory.!
Simmons'® and Sheng'® showed that the potential barrier, which is
represented by an additional parameter in the image-force correction,
can be modeled by a wide variety of barrier shapes ranging from
approximately rectangular to approximately parabolic to study the
effect of voltage fluctuations. To validate the fitting procedure
between the experimental and theoretical results in this study,
numerical calculations were carried out for UHMWPE-CF
composites; these materials were chosen because polyethylene (PE)
is a typical insulator and has the lowest conductivity of many types of
insulating polymers.

The most controvertible issue in the fitting procedure is that
Equation (1) is only valid for a parabolic potential barrier. The results
and discussion section shows that using this analysis for a composite
with a 30-vol% CF content results in serious inconsistencies: the
width of the potential barrier is less than the length of the c-axis of the
PE crystal unit, and the surface area over which most of tunneling
occurs is considerably less than the a-b plane area of the PE crystal
unit. These major contradictions can be resolved by using a
nonparabolic potential barrier (which is given by (11) later in the
paper) and an estimated barrier width of 1.00 nm below 0 °C, which is
a well-known rigorous value for metal-metal and metal-
semiconductor junctions.®?3

To further validate the application of the fluctuation-induced
tunneling effect in polymer-filler composite systems using a nonpara-
bolic potential barrier, we investigate another significant problem in
using VRH to model insulating polymer semi-conductive filler (such
as CF and carbon nanotube composites) composites. Mott’s VRH
analysis is completely appropriate for semiconducting phases such as
TiO, doped by Co, Cr, Cd, Ce and Fe,’* and the widespread
application of VRH to doped semiconductors, amorphous
conductors, glasses and conductive and semi-conductive polymers
has also been successful.!4172427 However, composite systems
consisting of conductive or semi-conductive fillers embedded in
insulating polymers do not lie within Mott’s VRH framework. This
paper mainly focuses on two features in modeling electron transport:
(1) the limits of application for the VRH theory and (2) suitable
applications of the fluctuation-induced tunneling effect using a
nonparabolic potential barrier.

EXPERIMENTAL PROCEDURE

Materials and sample preparation

In this study, UHMWPE (Mitsui Chemicals, Hizex) with a viscosity average
molecular weight of 6.3 x 10° was used. Short CFs carbonized beyond 2000 °C,
with an average filament diameter of ~7pm and an average length of
~40pm, were supplied by Teijin Co., Tokyo, Japan. The UHMWPE-CF
composites were prepared from solution by a gelation/crystallization method
using p-xylene as a solvent. The CF volume fractions used in the UHMWPE
composites were 15, 20, 25, 28, 30, 35, 45, 90 and 99 vol%. The UHMWPE
concentration in the p-xylene solution was fixed at 1g100ml~! to ensure
uniform mixing. The CFs were uniformly dispersed into the UHMWPE
solutions by alternating ultrasonic dispersion and stirring for over 2 h at room
temperature. The UHMWPE powder was then added into a solvent containing
the CFs, and the mixture was stirred for 30 min at 140 °C under a nitrogen
atmosphere. The hot homogeneous solution was quenched by pouring it into a
glass tray at room temperature. The p-xylene was allowed to evaporate from
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the gel under ambient conditions, and the resulting film was completely dried
at 60°C. The dried films were pressed under 2MPa at 180°C for 10 min,
followed by cooling using one of two methods. In the first method, the film
was cooled to room temperature at the same pressure, and in the second
method, the film was quenched in liquid nitrogen immediately after removing
the melted sample from the hot-pressed machine. The composites with 90 and
99vol% CF content were pressed again under 5 MPa at room temperature for
20 min to form a uniform film by aggregating the short CFs without causing
brittle damage. For the composites with 90 and 99vol% CF content, 10 and
1vol% UHMWPE were used as adhesives to form film-like stable composites
with dense contacts between adjacent CF surfaces. Both surfaces of all the
resulting molded films were polished with sandpaper to remove as much
UHMWPE as possible from the surfaces.

Measurements

The electrical conductivity of the samples was measured using a two-terminal
method, in which the two ends of the specimen were clamped between copper
metal jaws in a hot oven. The test specimens were prepared by cutting the
composite into 30-mm-long and 10-mm-wide strips; the sample length
between the copper jaws was 10 mm, and the thickness of the samples was
~1.0mm. The detailed measurement method has been described else-
where.?$2% The electrical conductivity was measured under serial voltages in
a home-made circuit. For the composites with up to 99 vol% CF content, the
voltage was supplied by a DC power supply that was adjusted between 0.4 and
18V, and the conductivity was measured with a digital multimeter (Advantest
R6441A Digital Multimeter, Advantest, Tokyo, Japan); the same measurement
was performed for the long CFs. For temperatures ranging between —146 and
15°C, the conductivity was obtained from current measurements using the
aforementioned digital multimeter. The temperature in the sample chamber
was controlled by a commercial program, and liquid nitrogen was used to
decrease the temperature. The temperature was first decreased to —146 °C, at
which it was maintained for 10 min, after which the temperature was increased
to 15°C at a rate of 5°Cmin~—!. No thermal expansion was observed in the
measurements.

The thermal properties of the annealed and quenched specimens of
composites with 25 and 30vol% CF content were measured by differential
scanning calorimetry from 20 to 180°C using a differential scanning
calorimetry-204 (NETZSCH) at a heating rate of 10°Cmin~! in a N,
atmosphere. The weight of the samples, which were sealed in aluminum pans,
was ~9mg. The crystallinities of the UHMWPE matrix for the annealed and
quenched specimens were 51.4% and 34.6%, respectively; these values were
calculated using the heat of fusion of each specimen, the heat of fusion of
100% PE (280.5Jg~!) and the volume content of the UHMWPE. The
crystallinity of the annealed specimen with a 25-vol% CF content was
~52.3%. The differential scanning calorimetry curves are not shown here
for brevity.

The temperature-dependent dynamic tensile modulus was measured for the
composites with a 30-vol% CF content using a visco-elastic spectrometer from
Iwamoto Machine Co. Ltd (Kyoto, Japan) at a fixed frequency of 10 Hz over
temperatures ranging from —146°C to room temperature (which was
~25°C). The specimens used in this experiment were cut into samples with
a length of 40 mm and a width of 2mm and were clamped at the ends over a
length of 10 mm. The initial load at —146 °C was 2.15 MPa, and the applied
external strain was 0.01 mm. The visco-elastic spectrometer could automati-
cally decrease the load as the temperature was increased to select the best
conditions for measuring the storage and loss moduli as a function of
temperature.

The scanning electron microscope studies were performed using a QUANTA
450. The cross-sections of the composite film were prepared by freezing the
film with liquid nitrogen, followed by cracking the film by hand; gold was then
coated onto the film surface to view the fractured surface.

Characterization

Before investigating the electrical properties of the UHMWPE-CF composites,
a supplementary experiment was performed to determine the most suitable CF
concentration. Figure la shows that the conductivity (¢) of the composites
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Figure 1 Conductivity of ultra-high molecular weight polyethylene

(UHMWPE)-carbon fiber (CF) composites versus CF concentration: (a)
logarithmic plots of conductivity versus CF concentration for UHMWPE-CF
composites at room temperature; (b) logarithmic plots of conductivity versus
log(p —p.) calculated using Equation (2).

increased with the CF content. The conductivity jumped drastically above
20vol% CF and leveled-oft with further increases in the CF content, indicating
a percolation phenomenon. In classical percolation theory, the conductivity is
related to the volume content as follows:

o o (p—pe)'for p > pe 2

where p is the volume content and p. is the critical volume content at the
percolation threshold, which was experimentally determined to be 25vol% CF
in this study. The exponent ¢ characterizes the relationship between ¢ and p
and had a value of 1.53, indicating a three-dimensional percolation system.3%3!
These results were used to select composites with a 30-vol% CF content and a
25-vol% CF content as specimens to ensure overlap between neighboring CFs.
The 30vol% CF content was slightly higher than the critical 25vol% CF
content to ensure sufficient overlap between neighboring CFs; the sample with
the 25vol% CF content was selected because it was close to the percolation
threshold. In  preliminary experiments, the temperature-dependent
conductivity could not be measured (for comparison with the theoretical
results) for the composite with <25vol% CF content because the electrical
current was extremely low. Consequently, the composites with 25, 30 and
99vol% CF content were selected as test specimens.

In another supplementary experiment, scanning electron microscope images
(see Figures 2a and b) were obtained for cross-sections of composites with
99vol% and 30vol% CF content, respectively, to probe the arrangement of the
CFs in the UHMWPE medium. The image in Figure 2b for the 30vol% CF
composite with 34.6% crystallinity (Xc) was selected because this image was
similar to that of the composite with 51.4% crystallinity. Figure 2a shows dense
overlapping between adjacent CFs for the composite with a 99-vol% CF
content. This image reveals the contact between adjacent CF surfaces through
small air void gaps and/or through very thin scattered UHMWPE fragments
on adjacent CF surfaces. However, Figure 2b shows a composite with a 30 vol%
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CF content for which some parts of a CF were covered by the UHMWPE
fibrous structure, indicating that the UHMWPE chains tended to crystallize on
the CF surfaces, as has been previously reported for MWCNT-UHMWPE
composites.®

RESULTS AND DISCUSSION

First, the temperature-dependent conductivities were measured for
long and short CFs coated by very thin UHMWPE fractures to
investigate the mechanisms of (1) electron hopping and (2) electron
tunneling. Direct measurement of the conductivity of the long CFs
directly probes characteristics along the CF chains, whereas measuring
the conductivity of the short CFs probes the lateral contact between
adjacent CF surfaces (which are perpendicular to the chain axes).!? A
detailed comparison between the long CFs and the 99vol% CF
content film showed that the conductivity of the two composites with
the 30 vol% CF content but different crystallinities should be analyzed
in terms of the tunneling effect with thermal fluctuations and a
nonparabolic potential barrier to obtain conclusive results. In this
paper, conclusive evidence for the temperature-dependent
conductivity of the composites is presented using the results for
three composites with 25, 30 and 99 vol% CF content.

Electron hopping

In the classical literature, electron hopping in semi-conductive
materials are classified into high and low temperature categories, as
previously discussed. At high temperatures, there is sufficient excess
thermal energy to excite electrons into the conduction band. The
conductivity can be described by a thermally activated process, which
can be expressed by an Arrhenius relation as follows:

s=avex( -7 ()

where AE denotes the activation energy for conduction, k denotes
Boltzmann’s constant, T denotes the absolute temperature and
d denotes a constant, which is equal to the conductivity at zero Kelvin.

At low temperatures, the conductivity obeys a T ~!# power law
corresponding to the three-dimensional VRH of the conductivity
between localized states. In VRH, electron hopping occurs predomi-
nantly beyond nearest neighbors.!»1%17:27 The VRH model for the
conductivity is given by

—— exp[ (%)ﬁ @

14,32-34

where
o N(E)] V2 3¢\ 2 5)
0 2nokT 2
and
180
o= e (6)

where N(Ep) is the density of the localized states at the Fermi level,
o is the coefficient of the exponential decay of the wave function of
the localized states, v is the typical phonon frequency and ¢ is the
overlapping integral, which is on the order of unity.
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Figure 2 Scanning electron microscope images of the cross-sectional area of the ultra-high molecular weight polyethylene (UHMWPE)-carbon fiber (CF)
composites and corresponding magnified images: (a) composite with a 99 vol% CF content and (b) Xc =34.6% for a composite with 30vol% CF content.

The hopping distance R and the average hopping energy W can be
calculated using the following equations:

S : @

9
"~ 4mR3N(ER)

(®)

The aforementioned analysis was developed by Okutan et al.'* for
semiconducting Co-doped TiO, and by Khan et al.'” for multi-wall
carbon nanotubes (MWNTs).

In this study, Mott’s VRH theory!'® was applied to both the long
and short CFs. Figure 3a shows the conductivity (o) as a function of
temperature (T) for the long CFs, as measured by a digital meter, and
Figure 3b shows ¢ versus T for the short CFs, as measured by the
voltages indicated. The conductivity of the long CFs increased with
temperature, whereas the conductivity of the short aggregated CFs
attained a maximum at approximately —80 °C and then decreased.

The increase in the conductivity of the long CFs with temperature
is a typical phenomenon and reflects the acceleration in the electron
hopping from a valence band (a filled band) to a conduction band or
the motion of positive holes to empty ’seats’ in the valence band,
which is indicative of a p-type semiconductor.’® To validate the
applicability of these concepts to polymer-filler composites, In o
versus 1/T was first plotted (see Figure 3c); the plot could be
approximated by two intersecting straight lines. Klimenko et al.3
have reported the same trend for CFs carbonized at 2200 °C. The
intersection point of the two lines in Figure 3¢ was approximately
—50°C, reflecting the two conductive mechanisms. The current
above —50°C could be attributed to electrons that were excited into

the conduction band by sufficient excess thermal energy. However, the
activation energy calculated from Equation (3) was ~2.4 x 1073 eV.
This value was similar to the activation energy for networked-
nanographite’’ (4.0 x 107> eV) and one-order lower than the
activation energy of an inorganic material, Co-doped TiO,
(3.2x 1072 eV).1* Note that the activation energies above —50°C
were not in the regime where the excess thermal energy was sufficient
to excite electrons into the conduction band because 2.4 x 10 3 eV is
too low to ensure electron excitation compared with the energy bands
for intrinsic semiconductors and acceptor levels for impurity
semiconductors by doping. Examples of reported activation energies
are 1.04x 1072 eV for B-Ge, 1.02x 1072 eV for Al-Ge, and
1.08 x 1072 eV for Ga-Ge.® The activation energy of 5.6 x 107> eV
below —50°C was unreasonable. The low activation energies at high
and low temperatures using Equation (3) were meaningless for the
long CFs.

Motivated by the VRH theory, the aforementioned contradiction
was resolved by plotting In ¢T'? versus T4 (see Figure 3e). The
calculated plot was classified as two regions that intersected at
approximately —50°C; however, the difference between the two
slopes was small enough to be neglected. The plots were linear within
the experimental error. The value of T, at 4300 K was estimated from
the slope of the straight line. The value of N(Eg) was calculated to be
4.77 x 10*2 eV ~lem 3, assuming a value of 10~7 ¢m for 1/a from
Yakuphanoglu et al.?’ Figure 3g shows the hopping distance R (as a
solid curve) and the average hopping energy W (as a dashed curve) as
a function of T. The value of R decreased with temperature, whereas
the value of W increased with the temperature, as has been reported
for many materials. The temperature-dependent R values were greater
than those of MWNTs!” and Lagg;Cag33MnO; perovskite
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Figure 3 (a) Conductivity of long carbon fibers (CFs) and a composite with 99vol% CF-UHMWPE (ultra-high molecular weight polyethylene) versus
temperature (7); plots of the natural logarithm of the conductivity /n ¢ versus 1000/T for (b) long CFs and (c) a composite with a 99-vol% CF content; plots
of In aT¥2 versus T ~1/ for (d) long CFs and (e) a composite with a 99-vol% CF content; plots of R versus T and W versus T for (g) long CFs and (h)
composites with a 99-vol% CF content. A full color version of this figure is available at Polymer Journal online.

magnetite.?* This result may be attributed to the slightly higher
conductivity of long CFs compared with those of MWNTs and
Lag ¢7Cag33Mn0O3 perovskite magnetite. The temperature-dependent
W values were almost equal to those for MWNTs but were much
lower than those for Lagg;Cag33MnO; perovskite magnetite. These
results are expected because CFs and MWNTSs have the same graphene
structure, whereas Lag ;Cag33MnO;3 perovskite magnetite requires a
large average hopping energy to ensure current flow. Nevertheless,
the linearity of the In oT'? versus T~ plots for the long CFs
validated the VRH theory over a wide temperature range from —146
to 0°C.72427
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Figure 3b shows that the conductivity of the molded short CF film
was ~2-3 orders lower than the conductivity of the long CFs (see
Figure 3a). The conductivity at 1.2V was higher than that at 0.8 and
0.4 V. The dependence of the applied field on the conductivity was
indicative of a deviation from the well-known Ohmic law. The
conductivity for the voltages indicated increased slightly with the
temperature up to —80°C. However, the conductivity decreased
upon increasing the temperature above —80 °C. The difference in the
behavior of the conductivity below and above approximately —80°C
could be attributed to the thermal expansion of small air voids*>*? in
the gaps among short neighboring CFs.



Figure 3d shows the corresponding In ¢ versus 1/T plot. This plot
consisted of two intersecting straight lines with slightly different
slopes. The calculated AE values in the high temperature regime (that
is, above approximately —120 to —128°C) were approximately
35x107% eVat 04V, 35%x 1077 eVat 0.8V, and 4.7 x 10> eV at
1.2V, and the calculated AE values in the low temperature regime
(that is, below approximately —120 to —128°C) and 1.2 x 1073 eV
at 04V, 22x107° eV at 0.8V and 3.0x 1077 eV at 1.2V. The
extremely low AE values invalidated the use of Arrhenius plots for
evaluating the conductivity of the short CFs, similar to the case of the
long CFs.

The data were further analyzed by the VRH theory by plotting
In 6TV2 versus T4 (see Figure 3f). The values of Ty and N(Eg)
below and above a temperature range of —120 to —128 °C were used
to calculate the hopping distance R and the average hopping energy
W as a function of T (see Figure 3h). Large gaps in R and W appeared
at the temperature of the crossover point in the In ¢T"/? versus T /4
curve. The small difference between the slopes of the line in Figure 3f
and the large gap in Figure 3g is because the T~ plot is less sensitive
than the 1/T plot.

The VRH theory is considered to be inappropriate for composite
systems of semi-conductive fillers embedded in insulating polymers.
Mott’s original VRH theory'> was developed to evaluate the
conductive ~ mechanism in  noncrystalline media, doped
semiconductors and amorphous semiconductors.

Note that the In ¢ versus 1/T plot in Figure 3d could be considered
to be mildly curved rather than as two intersecting straight lines.
Consequently, the second mechanism of fluctuation-induced tunnel-
ing was applied using a nonparabolic potential barrier in the form of
an image-force corrected rectangular barrier. The nonparabolic
barrier has been used as a rigorous potential barrier in general
systems such as metal-insulator-metal and metal-semiconductor—
metal systems;'®2* however, the parabolic barrier has been applied to
polymer-filler composite systems?>>7!® mainly because of the simple
form of Equation (1).

Thermal fluctuation tunneling conduction in disordered systems
For a thermal fluctuating field 1 that is much stronger than the
applied field d4, a partial conductivity can be defined as

1 lim J(O1 +0a) —j(O1 — 0a) _ dj(or)

(0r) = lim 258 on dor

dp—0 éA

©)

which can be used to describe the fluctuation-induced tunneling
conductivity o

o= / P(61)5(d1)dor = / P(&T)%(?TT)%T (10)

Following Simmons,'® Sheng!® accurately expressed the shape of
the potential barrier of an electric field as

=V {1 - ﬁ 7514} V(u,a)zVO{lf ﬁ — Soeu
(11)

where u=x/D denotes the reduced spatial variable, D denotes the
insulator distance (the potential barrier width) between the two
adjacent CFs, x denotes the distance from the left surface of the
junction, V{ denotes the height of the rectangular potential barrier in
the absence of an image-force correction, and § = deD/ V, denotes the
electric field expressed in the units of &y = Vy/eD. Sheng!® showed
that 2= 0.795e2/4DKV is an important dimensionless parameter that

V(u,0)
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governs the strength of the image-force correction and the resulting
barrier shape, where e denotes the electron charge (which equals
1.602 x 1012 erg), and K denotes the dielectric constant of the
insulating barrier, which equals 2.3 for PE in the present calculation.
The zero of the potential in Equation (11) is defined by the Fermi
level of the conducting region. Sheng!® showed that the potential

(u 5) is a peaked function of u, with a maximum V;, Qu where
u* satisfies the condition (9V/du)=0. Defining § = J, at V =0,
80/A has a physical meaning for 1<0.25. Increasing A drastically
increases 0y, which is determined by 4. At 2=0.2, the resistivity
increases drastically with the temperature from —273 to —250 °C and
levels off upon further increases in the temperature.!” This
information can be used to easily determine the values of D and A
in a computer simulation. In the present work, this information was
used to obtain the best fit between the experimental and calculated
results for UHMWPE-CF composite systems. Sheng!® defined a new
dimensionless field parameter ¢ =3/, to characterize a field such
that e=1 delineates a point below which V;,>0 and above which
Vin<0. The tunneling characteristics for <1 are drastically different
from those for &> 1.

Sheng!® used the approximations for barrier transmission from the
Wentzel-Kramers-Brillouin (WKB) approximation and the Fermi-
Dirac function to obtain an explicit expression for the tunneling
current density j(g). The resulting expression for j(g) is
jo(e)exp[ —2xDéE(e)] for e<1 (see Equations (Al)) and j(e) for
&>1 (see Equation (A2)), as shown in the Appendix. Note that j(¢) is
continuous at ¢ =1.

The partial conductivity X(¢) can be obtained using j(¢) as
Zo(e)exp[ —2yDéE(e)] for e<1 (see Equations (Al)) and X,(e) for
&>1 (see Equation (A2)).

Substituting Equation (10) into Equations (A6) and (A7), the
conductivity ¢ is given by

<4T1) /Z ér) eXP{—FI & — %w(ﬁ)} der

+ 721 (ST)eXP(— 7;3%)01‘%}7

where &1 = 01/ and ¢(e) = £(€)/£(0). @(e) is unity at ¢ =0 and zero
at ¢=1. The new parameters T} and T are defined as follows:

(12)

DAS;
h= 8nk (13)

— Tl
fo= 2yD¢(0) 1)

where J; is given by ooV, /eD and A is the surface area over which
most of the tunneling occurs, as previously described.

Sheng!® reported that at small e (<0.4), increasing the thermal
fluctuation field caused the tunneling probability to increase faster
than the thermal fluctuation probability decreased. However, at larger
er, the reverse behavior occurred. Thus, the sum of the two factors

—[(Ty/T)e* + (T)/Ty)p(e)] in Equation (12) exhibited a maximum at
the value er=¢* Numerical calculations clearly indicated a sharp
maximum in the integrand of the first integral in Equation (12). In
this case, the temperature dependence of ¢ may have been dominated
by the variation in &*.

Polymer Journal



Tunneling effect in polymer-carbon fiber composites
R Zhang et al

Using &¢* and ¢(¢*) from the discussion above, Equation (12) can
be rewritten to produce an approximate expression for ¢ as follows:

o) (15)

o Tl ) Tl
0 = 0p exXp —TS —?0

where o is defined as

1
aT\'* (T T T
0o = (n:_]}) exp(%g*ZJrF:)(p(g*)) /dgT ZO(ST) exp[— Tl?%
0

o8]
_ %(p(&‘-r)] + /dsT 21 (er) exp(— %a%) (16)
1
Thus, Equation (15) is an approximate description of the con-
ductivity for a rigorous potential shape given by Equation (11).
However, most studies on the conductivity of polymer-filler compo-
sites have used the parabolic barrier>>72021 to avoid complicated
formulations such as Equations (12-16). That is, the following
equation by Sheng!® has generally been used, assuming a parabolic
potential:

Vp(u, &) = Vo[u(l — u) — edoul. (17)

Using Equation (17) to calculate the conductivity yields the
approximation given by Equation (1).

In the theoretical calculations, Equations (All) and (A12) were
integrated from 0 to 1 using u (=x/D) in intervals of 1/100000. The
numerical calculation of di,(¢)/de in Equation (A9) to obtain the
partial conductivity Z(¢) for ¢ > 1 was rather complex. The calculation
was performed using the Origin Pro 8 software and Fortran 77.

The partial conductivity X(¢) for ¢>1 was found to be negligibly
smaller than X(¢) for ¢<1; therefore, the numerical calculation
discussed below was performed only for e<1.

Figure 4a shows a plot of the conductivity (¢) versus the
temperature (T), as calculated by Equation (12), and Figure 4b shows
the corresponding logarithmic plots of ¢ versus 1/T for a UHMWPE-
CF composite with a 99-vol% CF content. The experimental results
(shown as black open circles) at 0.4 V from Figure 3b are replotted in
this figure. The theoretical calculation (shown by a red solid curve)
was performed at an applied voltage of 0.4 V to avoid the effect of the
applied field.

The parameters A( = 0.795¢2/4DKV,), D and A were determined to
perform the numerical calculation. The aforementioned increase in
the conductivity with the temperature was used to postulate a A value
between 0.05 and 0.1 for the composites with 25 and 30vol% CF
content and between 0.1 and 0.2 for the composite with a 99-vol% CF
content. The D and A values were determined by a computer
simulation. The simulation to fit the theoretical (red solid curve)
results to the experimental data (black open circles) showed that D
was the most sensitive and important parameter for obtaining the best
fit, whereas 4 and A were not sensitive compared with D. Figure 5a
shows that the best fits were obtained using a constant D-value for
temperatures < —80 °C, whereas a temperature-dependent D had to
be used for temperatures greater than —80 °C. That is, using D values
other than those in Figure 5a did not produce a good fit despite
adjusting the A and A values. The best fit was obtained for D =0.500
nm in the temperature range from —146 to —80 °C, for 4 =0.1201
and an A value of 3.00nm? Figure 4 shows that the agreement
between theory and experiment was improved for temperatures above
—80°C by slightly changing D at A= 0.1201 and A =3.00nm? as in
Figure 5a. A good fit could not be obtained for D#0.500 nm for any
values of / and A over the temperature range from —146 to —80 °C.
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Figure 4 Experimental measurements (black open circles) and theoretical
(red solid line) results using Equations (12) or (15) for a composite with a
99-vol% carbon fiber (CF) content: (a) conductivity versus temperature and
(b) /n o versus 1000/T. A full color version of this figure is available at
Polymer Journal online.

The barrier width D was considered to be the average contact distance
between adjacent CFs during the preparation of the 99 vol% CF film,
which was molded in two compression steps, that is, compression
under 2MPa at 180 °C for 10 min, followed by compression under
5MPa for 20 min after annealing from 180 °C to room temperature.
Figure 5b shows the potential barrier calculated by Equation (11) for
D=0.500nm, 1=0.1201, and A =3.00nm2 A nonparabolic barrier
was used to obtain Equation (11); therefore, the potential barrier
V(u,e) was negative near u=0 and unity. Increasing ¢ caused the
barrier to become asymmetrical and shifted the maximum peak (V)
to lower u values, also decreasing Vi,.

Figure 4a shows that the conductivity decreased above —80°C.
This decreased conductivity was most likely caused by the decreased
adhesion power of 1vol% UHMWPE to connect adjacent CFs above
—80 °C and the increased thermal expansion of the air voids between
the adjacent CFs. This behavior implied that D should increase with
temperature, as was observed in Figure 5a. Figure 4 shows that the
conductivity of the CFs carbonized above 2000 °C was considerably
lower than the in-plane conductivity of a single wall carbon
nanotube.*!

Figures 6a and b show the temperature-dependent conductivity of
the UHMWPE-CF composites with a 30-vol% CF content at the
voltages indicated for two specimen types with crystallinities of 51.4%
and 34.6%, respectively, as measured by differential scanning calori-
metry. The conductivity increased gradually with the temperature and
attained a maximum between —15 and 0°C. At the voltages
indicated, the conductivity of the composite with 51.4% crystallinity
was higher than that of the composite with 34.6% crystallinity,
indicating that the crystal region presented a slightly lower potential



barrier to electron transport than the amorphous region. Thus, the
crystal region in the UHMWPE medium transmitted electrons more
easily than the amorphous region.#? The gradual increase in the
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Figure 5 Calculated parameters for a composite with a 99-vol% carbon
fiber (CF) content: (a) D (barrier distance width) versus temperature and (b)
corresponding V versus D (and u), calculated using Equation (11) at the
indicated ¢ values and D=0.500nm. A full color version of this figure is
available at Polymer Journal online.
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hpg)

conductivity up to —15 to 0°C may be attributed to the active
electron transmission that was accelerated by the tunneling effect.
However, the conductivity decreased as the temperature increased
above —15 to 0°C, indicating thermal expansion and/or the active
molecular mobility of the UHMWPE amorphous chains from macro-
Brownian motion. For the specimens with 51.4% crystallinity in
Figure 6¢c and 34.6% crystallinity in Figure 6d, the relationship
between the current and the voltage at the indicated temperature was
nonlinear and resembled an exponential function, confirming the
tunneling effect.

The plots for the specimen with 51.4% crystallinity show consider-
able scatter relative to the plot for the specimen with 34.6%
crystallinity. The scatter was most likely caused by the considerable
mechanical relaxation (dispersion) peak for the specimen with 51.4%
crystallinity, which shall be discussed later in terms of the sensitive
temperature dependence of the loss modulus in Figure 11.

Figures 7a and b show the temperature-dependent conductivity (o)
calculated by Equation (12) for the 30 vol% CF composite with 51.4%
and 34.6% crystallinity, respectively; Figures 7c and d show the
corresponding natural logarithmic plots of ¢ versus 1/T.

The best fit between the experimental (black open circles) and
theoretical (red solid line) results by computer simulation was
obtained using a D-value of 1.00 nm for both specimens and / values
of 0.080 and 0.070 for the specimens with 51.4% and 34.6%
crystallinity, respectively. Figures 7a and b show the best fits for the
specimens with 51.4% and 34.6% crystallinity, respectively. The
best fit for the specimen with 51.4% crystallinity was obtained for
D=1.00nm, 1=0.080 and A=1.64 to 1.68 nm?, and the best fit for
the specimen with 34.6% crystallinity was obtained for D= 1.00 nm,
/.=0.070 and A =1.35 to 1.40 nm? up to 0 °C, as shown in Figure 8a.

Figure 8a shows that making a small adjustment in A produced the
best fit in the temperature range considered. Note that a D-value of
1.00 nm was required to obtain a good fit for the film with a 30-vol%
CF content; the theoretical results deviated considerably from the
experimental data for D values above or below 1.00nm, despite
adjustments in 4 and A. The parameter sets in Figure 8a also ensured
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Figure 6 Conductivity versus temperature (7) for composites with a 30-vol% carbon fiber (CF) content for (@) Xc=51.4% and (b) Xc=34.6%;
corresponding current versus voltage for (c) Xc =51.4% and (d) Xc =34.6%. A full color version of this figure is available at Polymer Journal online.
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Figure 7 Experimental and theoretical results using Equations (12) or (15) using the indicated parameters for composites with a 30-vol% carbon fiber (CF)
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Equation (1). A full color version of this figure is available at Polymer Journal online.

good agreement between the theoretical and experimental results for
the logarithmic plots of ¢ versus 1/T in Figures 7a and b.

A reasonably good fit was obtained using fixed values of D, 4 and
A. The green dotted lines in Figure 7, which were drawn without
adjusting A, agreed reasonably well with the experimental results
using D=1.00nm, 2=0.080 and A =1.64 nm? for the specimen with
51.4% crystallinity and using D=1.00nm, 2=0.070 and A=
1.35nm? for the specimen with 34.6% crystallinity. The blue dashed
lines, which were obtained using Equation (1), shall be discussed later.

Figures 8b and ¢ show the shape of the potential barrier at ¢=0,
0.1 and 0.5. Note that V,;, at A= 0.080 in Figure 8b was slightly higher
than Vi, at 1=0.070 in Figure 8c. Increasing ¢ caused the potential
barrier V(E, ¢) to become asymmetrical by shifting V;, to lower u
values, thereby decreasing Vi,,. In comparison, the barrier height in
Figure 5b increased slightly as D increased.

Figure 7 shows that the theoretical results calculated using a weakly
temperature-dependent A value deviated slightly from the experi-
mental results at temperatures less than —130°C and greater than
—24°C for the composite with 51.4% crystallinity and at tempera-
tures less than —130°C and greater than —45°C for the composite
with 34.6% crystallinity. The deviations at low and high temperatures
were attributed to the y and B relaxations shown in Figure 7. The
origin of these relaxations was investigated by probing structural
changes in the PE matrix by positron annihilation and complex
dynamic modulus measurements, which shall be discussed later.

Before presenting the relationship between the conductivity and the
molecular mobility of the PE matrix, we present results for the
temperature-dependent conductivity of the composite with a 25-vol%
CF content to justify the use of a nonparabolic potential barrier in
Equation (12).

Figures 9a and b show the temperature-dependent conductivity (o)
and logarithmic plots of ¢ versus 1/T and the best fits between the
theoretical (red solid line) and experimental (black open circles)
results from computer simulation. The best fits were obtained at
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2 =0.055, D=1.30nm, and A=1.25 to 1.28 nm?. Figure 10a shows
the slight adjustment in A.

Figure 10a shows that a small adjustment in A produced the best fit
over the temperature range considered. A D-value of 1.30 nm was
used, similar to the composites with a 30-vol% CF content shown in
Figure 8a; however, a considerable deviation between the theoretical
and experimental results was observed for D values above or below
1.30 nm, despite adjustments in A and A.

The computer simulations for the parameter fitting were straight-
forward because 4 was estimated from the slope of the logarithmic
plots of & versus 1/T. As previously discussed, 4 must be below 0.25
from theoretical considerations. For insulating polymers, 4 decreases
as the matrix content increases, whereas A is 0.2 for materials similar
to super-conductors, in which the resistivity increases over tempera-
tures ranging from —273 to —250 °C and levels off above —250 °C."°
Therefore, the computer simulations to fit the D and A parameters
were straightforward.

The green dotted lines in Figure 9, which were drawn without
adjusting A, agreed reasonably well with the experimental results for
2=0.055, D=1.30nm and A=1.25nm? The blue dashed lines
obtained using Equation (1) shall be discussed later along with the
blue lines in Figure 7.

Figure 10b shows the shape of the potential barrier at ¢=0, 0.1,
and 0.5. The value of Vi, at A=0.055 was slightly higher than at
/=0.080 and 0.070 in Figures 8b and c. The potential barrier V(E, ¢)
became asymmetrical because Vi, shifted to lower u values, thereby
decreasing V,,. Comparing Figure 5b with Figures 8b and ¢ shows
that V,,, was higher at ¢ =0 but decreased at ¢ =0.5 as D increased.

The good fits showed that the percolation threshold could clearly
be identified with the lowest CF content, which showed that there
were sufficient junctions with barrier widths (1.30nm) between
adjacent CFs associated with electron transmission.

The potential barrier width D was 1.30 and 1.00nm for the
composites with a 25 and 30vol% CF content, respectively. This
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Figure 8 Calculated parameters for a composite with a 99-vol% carbon
fiber (CF) content: (a) D and A values versus temperature for 2=0.080 at
Xc=51.4% and for 2=0.070 at Xc =34.6%; (b) and (c), corresponding V
versus D (and w) plots calculated using Equation (11) at the indicated ¢
values for composites with a 30-vol% CF content. A full color version of this
figure is available at Polymer Journal online.

difference is typical because the distance between the neighboring CFs
at a 25-vol% CF content was greater than at a 30-vol% CF content.

Positron annihilation is a useful tool for probing the free volume in
a polymer medium. The histogram in Figure 11a shows that the free
volume estimated by the long-lived life-time (73) in a UHMWPE
medium increased with temperature; the estimation method and the
maximum entropy for lifetime analysis of the results have been
described elsewhere.** The horizontal scale corresponds to the radius
of free volume from Tao’s equation.** The sharpness of the intensity
distribution was indicative of a narrow distribution of holes of a
relatively uniform size. The figure shows that the peak shifted to
higher 73 values with temperature, indicating a larger free volume.
The histograms show that the average change in the free volume
diameter in the medium ranged from ~0.5 to 0.68 nm over the
temperature range considered ( —150 to 25 °C). Thus, the increase in
conductivity with temperature was attributed to the acceleration of
the thermal fluctuation field in surmounting the thermal expansion of
the barrier width, which increased the free volume size.
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Figure 9 (a) Experimental and theoretical results using Equation (12) using
the indicated parameters for composites with a 25-vol% carbon fiber (CF)
content; (b) corresponding plot of /n ¢ versus 1000/7, in which the red solid
line was calculated by adjusting A in Figure 10a, the green dotted line was
calculated using a fixed value of A, and the blue dashed line was calculated
using Equation (1). A full color version of this figure is available at Polymer
Journal online.

Figure 11b shows the variation in the o-Ps intensity (I3) with
temperature. Figures 11c and d show the temperature-dependent
storage modulus E' and loss modulus E’, respectively, for the
composite with a 30-vol% CF content. Similar profiles were obtained
for the composite with a 25-vol% CF content, which is not shown
here for brevity. As previously reported, E' decreased drastically at
temperatures near the B and y relaxation peaks.” The B relaxation,
which appeared at approximately —10°C, was associated with the
large (macro-Brownian) motion of the amorphous UHMWPE chains
and an increase in the amorphous volume. The P relaxation peak
corresponded to the minimum o-Ps intensity (I3) because most of the
shallow potentials may have been smeared out by the local motion,
causing the trapped electrons to also disappear. The large motion
caused the potential barrier width to increase drastically and the
conductivity to decrease above —10°C, as shown in Figure 6.
However, the y relaxation involves a rapid trans-gauche transition
of the central C-C bonds of a short amorphous segment (for example,
three to four CH, groups).?> Therefore, the y relaxation peak of the
composite with 34.6% crystallinity was higher than that of the
composite with 51.4% crystallinity. The small motion associated
with the vy relaxation did not greatly affect the potential barrier width,
resulting in the theoretical conductivity results deviating from
the experimental data. The theoretical results agreed poorly with
the experimental results, despite attempts to adjust the parameters in
the temperature range around the B and 7 relaxation peaks, as shown
in Figure 7. Fluctuation-induced tunneling conduction in disordered
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Figure 10 (a) Calculated D and A values versus temperature at 2=0.055
for a composite with a 25-vol% carbon fiber (CF) content and (b)

materials was originally developed for electron transmission because
of thermal fluctuations; therefore, the drastic change in the molecular
mobility over specific temperature ranges, such as the B and vy
relaxations in PE, do not conform to the original framework of the
theory. The increased scatter in the conductivity values for the
specimen with the 51.4% cystallinity relative to the specimen with
34.6% crystallinity in Figure 6 most likely originated from the sharp
dispersion profile of the  relaxation over the temperature range from
—40 to 20°C.

Note that the conductivity values in Figures 4 to 10 at 30 and
25vol% CF content increased up to —10 °C, whereas the conductivity
values for the composites with 99 vol% CFs decreased above —80 °C.
This large difference was because there were fewer air voids between
adjacent CFs at 30vol% CF than at 99vol% CF Thus, adjacent CFs
were connected strongly to each other by the adhesion power of the
70vol% UHMWPE, whereas the adhesion power between adjacent
CFs for 1vol% UHMWPE with 99vol% CF content was less effective
above —80°C, and the thermal expansion of air voids between
adjacent CFs was accelerated.

Approximations are required to obtain the barrier transmission
factor TF(E,¢) from the rigorous potential barrier in Equation (11);
the resulting equation is simpler than the well-known WKB approx-
imation. However, Sheng’s assumption'® can be justified with very
little error. This assumption is given by
exp[— F(E,¢)] E<Vm

TF(E,0) = ] E> Vim

(18)

where F(E,e) is given by

corresponding V versus D (and u) plot calculated using Equation (11) at the 24D
indicated ¢ values for a composite with a 25-vol% CF content. A full color F(E,¢) = 2yD&(e) — ——n,(e)E (19)
version of this figure is available at Polymer Journal online. Vo
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Figure 12 Solid figures of THE,e) versus E and &: (a) A=0.055 for a composite with a 25-vol% carbon fiber (CF) content (Xc =52.3%); (b) 4=0.080 for a

composite with a 30-vol% CF content (Xc=51.4%); (c) 2/=0.070 for a composite with a 30-vol% CF content (Xc=34.6%); (d) A=0.1201 for a
composite with a 99-vol% CF content; and contour maps (e), (f), (g) and (h) corresponding to the solid figures in (a), (b), (c) and (d), respectively. A full

color version of this figure is available at Polymer Journal online.

with a 30-vol% CF content and 51.4% and 34.6% crystallinity,
respectively. The solid figure in Figure 12d corresponds to the molded
film with a 99-vol% CF content. Figures 12e-h show the

Figure 12 shows TF(Ee) versus E and ¢ The solid figures in
Figure 12a correspond to the composite with a 25-vol% CF content
and 52.3% crystallinity, and Figures 12b and ¢ show the composites
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corresponding TF(E, &) contour maps on the E-¢ plane. As previously
discussed, the barrier width D was 1.30 and 1.00 nm at 25vol% and
30vol% CF content, respectively. The D-value was 0.500 nm at 99 vol%
CF content. The E value at TF(E, ¢) =1 decreased with decreasing D
because of smooth electron transmission. That is, when &=0,
TF(E, ¢ =1 was realized at Ex~0.95eV for D=130nm and
2=0.055, at Ex0.90¢eV for D=1.00nm and A= 0.080, at E~0.80 eV
for D=1.00nm and 4 =0.070, and Ex0.75¢eV for D= 0.500 nm and
A=10.1201. The electron transmission for the 99 vol% CF molded film
with a barrier width of 0.500 nm was significantly accelerated relative to
the two types of composites with a 30-vol% CF content and a barrier
width of 1.00nm, confirming the conventional perspective that
decreasing the barrier width accelerates the tunneling current flow.
Comparing Figures 8b and ¢, Figure 10b, and Figure 5b shows that the
potential barrier shape V(E,¢) was sensitive to &. Increasing ¢ shifted
the peak (V},,) to lower u values (that is, away from u=0.5), causing
the curve to become asymmetrical and decreasing V,,. Thus, TF(E,¢)
attained unity at lower E values with increasing .

Finally, the use of Equation (1), which is derived for a parabolic
potential barrier, is strongly cautioned. The theoretical results
calculated using Equation (1) are shown as a blue dashed line for
the composites with a 30-vol% CF content in Figure 7 and for the
composites with a 25-vol% CF content in Figure 9; note that the fits
to the experimental results (shown as a green dotted line in Figures 7c
and d) were equally as good using D=1.00nm, 4A=0.080 and
A=1.64nm? at 51.4% crystallinity as for D=1.00nm, 4= 0.070
and A = 1.35nm? at 34.6% crystallinity. Figures 9a and b show the fits
that were obtained using D=1.30nm, 4=0.055 and A=1.25 nm?
for the composite with a 25-vol% CF content.

Note that the D and A values calculated by using T and T; in
Equation (1) were as follows: 0.279 and 0.00206 nm?, respectively, at a
30-vol% CF content and 51.4% crystallinity; 0.216 and 0.0104 nm?,
respectively, at 34.6% crystallinity; and 0.827 and 0.0108 nm?, respec-
tively at a 25-vol% CF content; the blue dashed line obtained using
Equation (1) was in good agreement with the experimental results
(black open circles). These values were patently unreasonable; however,
many reports have evaluated Equation (1) without discussing the D
and A values. For example, the D values at 30vol% CF content were
both slightly higher and slightly lower than the length (0.2354 nm) of
the c-axis in a PE crystal unit, and the values of A were considerably less
than the area (0.3648 nm?) of the a-b plane of a PE crystal unit.
Therefore, the conductivity of the composites should be evaluated
using Equations (12) or (15), which were derived using a nonparabolic
potential barrier such as that in Equation (11). Equation (1) was
derived from Equation (15) assuming that the integrand of the first
integral in Equation (12) was strongly peaked and that the temperature
dependence of ¢ was dominated by the variation in &*, resulting in a
maximum value of —[(T}/T)e + (T}/Ty)¢(e)] in Equation (12).

Equation (17) has sometimes been used to approximate the image-
force corrected rectangular barrier,'®!® which is given as ¢(e) =
£(e)/€(0) by assuming o= 1. Then,

1—¢ 2

Jo 1[u(l —u) flszu]l/ du (- 8)2.
o (1 — )] du

Using the maximum value of —[(T}/T)e?+ (T1/Ty)p(e)] at er=

¢*, the function f(¢) has a similar form to the blanket of
Equation (15):

f6)= - 3 6

df
Thus 7 .

p(e) = (20)

T,
- ?047(5)'

=0, and &*=T/(T+ Ty).

(21)
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Substituting these relations into Equation (15) produces
Equation (1). However, assumptions were made in deriving
Equation (1) from Equation (15); therefore, Equation (1) may not
accurately evaluate the tunneling barrier width D and the surface area
A over which most of the tunneling occurs.

A series of results was used to attribute the conductivity of
UHMWPE-CF composites to the tunneling effect from a thermal
fluctuating field; the experimental results were accurately fit by a
theory using a nonparabolic potential barrier. However, a small
deviation between the experimental and theoretical results was
observed over temperature ranges around the B and the y relaxation
peaks, which was related to the macro- and micro-Brownian motion
of the amorphous chains. These relaxations, which are associated with
the intrinsic behavior of PE, do not lie within the framework of
fluctuation-induced tunneling conduction theory. In this paper, the
potential barrier width between the adjacent CFs associated with
electron transmission was estimated for a typical insulating
UHMWPE medium; higher D and A values may be obtained by
choosing polymers with higher matrix conductivities. Other polymers
should be investigated in the future.

CONCLUSION

UHMWPE-CF composites were prepared from solution using a
gelation/crystallization method. Classical percolation theory was used
to select CF contents of 25 and 30vol% for the composites in the
study. To elucidate the conductive mechanism in the composites, the
conductivities of a long CF and a composite with 99 vol% CF content
were measured as a function of temperature. The conductive
mechanism for the long CF can be modeled by VRH theory. However,
for the composite with a 99-vol% short CF content, the calculated
temperature-dependent hopping distance R and the average hopping
energy W reflected two different mechanisms with a considerable gap
at approximately —120°C. Thus, VRH theory is not applicable to
composite systems with conductive fillers containing air voids.
Consequently, the conductivities of composites with a 99- and 30-
vol% CF content were analyzed in terms of the tunneling effect from
thermal fluctuations. A nonparabolic potential barrier was used in the
theoretical formulation of the conductivity. A simulation was used
to select the values of 1 (a dimensionless parameter given by 1=
0.795¢%/4DKV,), D (the potential barrier width) and A (the surface
area associated with the tunneling effect) that produced the best fits of
the theoretical results to the experimental data. The selected values
were limited to a very narrow range. That is, the D, A and A values for
the composite with a 99-vol% CF content were ~0.500, 0.1201 and
3.00 nm?, respectively, below —80°C. However, the conductivity
decreased with temperature above —80°C. This behavior was
attributed to the decrease in the adhesion power of 1vol% UHMWPE
to connect adjacent CFs above —80 °C, along with the considerable
thermal expansion of the air voids between adjacent CFs, which
increased the potential barrier width. In contrast, for the composite
with a 30-vol% CF content, the CFs were surrounded by UHMWPE
layers and the air voids existed as free volumes in the UHMWPE
medium. In this case, the free volumes in the matrix were much lower
than in pristine UHMWPE. Thus, good agreement between experi-
ment and theory was obtained by choosing suitable values for the 4, D
and A parameters. The best fits were obtained for D=1.00nm,
2=0.080 and A=1.64 to 1.68nm? at 51.4% crystallinity and for
D=1.00nm, 2=0.070 and A=1.35 to 1.40nm? at 34.6% crystal-
linity up to 0°C. The best fit for the composite with a 25-vol% CF
content was produced using D= 1.30nm, 2=0.055 and A=1.25 to
1.28 nm?. Despite attempts to adjust the parameters, the theoretical



results deviated slightly from the experimental results for tempera-
tures below —130°C and above —40°C. The derivation between the
experimental and theoretical results at temperatures < —130 °C was
attributed to the v relaxation from the motion of the short segments
(for example, three or four CH, groups) in the amorphous phase and
the chain ends in the amorphous regions; at temperatures greater
than —40 °C, the deviation between the experimental and theoretical
results was attributed to the appearance of a P relaxation peak at
approximately —25 to —10°C, which was associated with the large
(macro-Brownian) motion of the amorphous UHMWPE chains and
an increase in the amorphous volume. Thus, the fluctuation-induced
tunneling effect in the polymer-filler composite systems was used to
accurately describe the temperature-dependent conductiviy except
over the temperature ranges associated with the B and the y
relaxations. Note that a nonparabolic potential barrier must be used
in the theoretical calculation for the analysis to be valid. The D and A
values that were calculated using Equation (1) did not conform to the
framework of the tunneling effect. This result was obtained because
the temperature dependence of the low-field conductivity was
modeled using the variation in &*, which corresponded to the
location of the maximum value of —[(T}/T)er? 4 (T1/To)@(er)] in
the 0<e<1 interval for polymer-filler composites.
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APPENDIX
Sheng!® formulated the tunneling current density j(e) as follows:
i(e) = jo(e) exp[ — 2xD¢(e)]e <1 (A1)
ji(e)e > 1, (A2)
where
o= ;’00 e<l1 (A3)
mg(e)
71(8) = oo % + 9.68()¢D5T])2(1 —&)” —4.4(AzDdy) - 8} e>1
mi(e) 1, (¢)
(A4)
. nmeVy
Jo = 3 apas (A5)

where h denotes Planck’s constant, y= (8n’mVy/h?) and j(e) is
required to be continuous at ¢=1. The partial conductivity X(e)
can be obtained using j(¢) as follows:

Y 0=320 = 5 @) el - 2020 (46

Zl (e)e > 1,

(A7)
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where
LT dngle) dc’(ﬁ)}
+ D e<1
Zné(a){no(e) de e

Zo (&)=~

B 224Dy 1 d(n,(e))
Zl (0)= %: { m(e)  n(e) de

(A8)

. 2.22%Ddy dn (&) B )
+(1—¢) (77/%(8) I 9.68(4xDdo)" | e > 1
(A9)
2joo
00 do
where £(¢), no(e) and 1,(¢) are given by
“4 2 N1
1 d
Mo(8) = 5/ L (A12)

1/27
us |:1 — ﬁ —850M:|

where u; and u, denote the two real roots of V(u,d) in
Equation (11). In addition,

. om w(1—uw)(1 - 2u)]"?
771(8)2(86—0)1/2|: 1—3u(1—u*) :| ’

where u* denotes the location of Vi, such that the following relation
is satisfied:

_ OV(u,e)
0= ou

(A13)

o (1—2u) &80
T (A14)

u=u*
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