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The electric permittivity is a fundamental material property concerning the dielectric behavior. Colossal
permittivity (relative permittivity exceeding 10,000) is attractive for capacitors, sensors, actuators and
mechanical energy harvesters. It was discovered in this work in continuous polyacrylonitrile (PAN) based
carbon fiber (Teijin's Tenax HTS45) along the fiber axis. This is the first report of colossal permittivity in
carbon materials. The relative permittivity (12230 + 990, 2 kHz) is much higher than that of mesophase-
pitch-based carbon fiber (Cytec's Thornel P-25, 4384 + 257, 2 kHz). The two fibers exhibit similar re-
sistivity (1.52 x 107> and 1.24 x 10> Q.cm for the PAN-based and pitch-based fibers, respectively). For
both fibers, the permittivity is high, due to the physical continuity and mobile charge carriers. The higher
permittivity of the PAN-based fiber compared to the pitch-based fiber is attributed to the higher degree
of graphitization (as indicated by the lower interplanar spacing) of the PAN-based fiber. However, the
smaller crystallite sizes and larger azimuthal spread of the carbon layers around the fiber axis cause the
PAN-based fiber to be not higher in conductivity than the pitch-based fiber, in spite of the higher degree
of graphitization. The smaller crystallite sizes and larger azimuthal spread are detrimental more to the

conductivity than the polarization.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Due to their electrical conductivity, carbon fibers are used in
numerous electrical applications, such as susceptor induction
heating, lightning protection, high-temperature conduction, and
current collectors in batteries and supercapacitors. The polarization
associated with the dielectric behavior gives an opposing electrical
field, thus influencing the electrical conduction negatively. The
capacitance also results in the RC time constant, thereby slowing
down signal propagation. Thus, studying the dielectric behavior is
necessary to support the electrical applications of carbon fibers.

The absorption/reflection of microwave or radio wave radiation
(such as radiation in the GHz frequency range) by carbon materials
has been researched by numerous workers for decades, particularly
in relation to electromagnetic interference (EMI) shielding [1—6].
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These carbon materials include continuous carbon fibers [7—10],
due to their relevance to structural materials. However, the
dielectric behavior at frequencies below the microwave, radio wave
and optical ranges has received little attention, even though the
low-frequency regime (which includes the utility frequencies, such
as 60 Hz in the U.S.) is important for the abovementioned electrical
applications. This paper addresses the dielectric behavior of
continuous carbon fibers in the low-frequency regime.

The electrical permittivity is a fundamental material property
that describes the dielectric behavior. Colossal permittivity refers to
the behavior in which the relative permittivity is very high, typi-
cally exceeding 10,000. A high value of the relative permittivity is
attractive for electrical energy storage in the form of a dielectric
capacitor [11]. It also contributes to providing a high value of the
piezoelectric coupling coefficient, as needed for piezoelectricity-
based sensors, actuators and mechanical energy harvesters.

Colossal permittivity has been previously reported in ceramic
oxides [12—21], such as those in the Perovskite family. These oxides
exhibit high electrical resistivity, so they are attractive for func-
tioning as the dielectric material in a dielectric capacitor. On the
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other hand, for piezoelectricity-based mechanical energy harvest-
ing, which involves converting mechanical energy to electrical
energy using the direct piezoelectric effect, an intermediate level of
electrical resistivity is needed. This is because the output electrical
power is the product of the output voltage and the output current,
so that both voltage and current need to be substantial. Resistivity
that is too high will cause the output current to be small, whereas
resistivity that is too low will cause the output voltage to be small.
Ceramic and polymeric dielectric materials tend to exhibit high
resistivity. Metals have recently been shown to exhibit colossal
permittivity [22—24], but their resistivity is very low (ranging from
107> to 10°%Q.cm).

Carbon materials are attractively intermediate in the resistivity,
which is typically of the order of 10~ Q.cm. The relative permit-
tivity of carbon fibers have been shown to be high (3960 + 450 and
4960 + 662 at 2 kHz for Thornel P-25 and P-100 mesophase-pitch-
based carbon fibers, respectively), though not colossal [25]. The
relative permittivity of continuous unidirectional polyacrylonitrile
(PAN) based carbon fiber polymer-matrix composite is also high
(2160 +510 and 1640+330at 2kHz for the longitudinal and
transverse directions, respectively), though not colossal [26]. Based
on these relative permittivity values of the composite and the fiber
volume fraction, the relative permittivity of the fiber is obtained as
4352 + 510 and 3310 + 697 for the longitudinal and transverse di-
rections, respectively [26]. Thus, carbon fibers have the potential of
exhibiting the combination of high permittivity and intermediate
resistivity that is needed for energy harvesting.

It is well-known that pitch-based carbon fibers are more or-
dered crystallographically than PAN-based carbon fibers fabricated
at similar temperatures [27]. In other words, pitch is more graph-
itizable than PAN. The degree of order strongly affects the electrical,
mechanical and other properties. In particular, the resistivity along
the fiber axis decreases with increasing degree of order, partly due
to the increase in the degree of preferred orientation of the carbon
layers along the fiber axis as the degree of order increases. Com-
parison of the permittivity of the P-25 and P-100 fibers (with P-100
being more ordered than P-25) [25] suggests that a higher degree of
order is associated with a higher permittivity. On the other hand,
the permittivity and conductivity are not independent, according to
the Kramers-Kronig Relationship [28]. Therefore, the reported dif-
ference in permittivity between the P-25 and P-100 fibers is at least
partly due to the higher conductivity of P-100. In order to study the
effect of the degree of order on the permittivity, fibers that exhibit
similar resistivity values but different degrees of order should be
investigated.

This paper is aimed at comparing the permittivity of pitch-based
and PAN-based carbon fibers that exhibit similar values of the re-
sistivity, thereby investigating the effect of the degree of order on
the permittivity. In addition, due to the wide usage of PAN-based
carbon fibers and the absence of prior work on the permittivity of
PAN-based carbon fibers (to be distinguished from the PAN-based
carbon fiber polymer-matrix composite of the prior work [26]),
this paper is aimed at studying the permittivity of PAN-based car-
bon fiber. However, the finding of the paper has exceeded the aims,
due to the unexpected discovery of colossal permittivity in the
PAN-based carbon fiber.

2. Experimental methods
2.1. Materials

The continuous PAN-based carbon fiber is Teijin's Tenax-E
HTS45 E23 12K 800tex, with 12,000 fibers per tow, fiber diameter

70 pm, density 1.77 g/cm?, electrical resistivity 1.6 x 107> Q.cm,
tensile modulus 240 GPa, tensile strength 4500 MPa, and tensile

ductility 1.9% [29,30]. The continuous mesophase-pitch-based
carbon fiber is Cytec's Thornel P-25, with 2000 fibers per tow, fi-
ber diameter 10pm, density 1.92g/cm?, electrical resistivity
12 x103Q.cm, tensile modulus 159 GPa, tensile strength
1560 MPa, and tensile ductility 0.9% [31]. The PAN-based fiber has
lower density, higher modulus, higher strength, higher ductility,
and slightly higher resistivity compared to the pitch-based fiber.

2.2. Permittivity measurement method

The method of permittivity measurement is an extension of the
method of prior work for steels [22], aluminum [23], copper [24]
and continuous carbon fiber polymer-matrix composite [26]. It
involves a dielectric film between the specimen and each electrode
(Fig. 1). The method also involves the decoupling of the interfacial
capacitance from the volumetric capacitance, as explained below.
In this context, the interface is that between the specimen and
electrode, including the dielectric film. The specimen is a rectan-
gular strip, with the long direction along the direction of capaci-
tance measurement.

For decoupling the interfacial capacitance from the volumetric
capacitance, four electrodes in the form of aluminum foil are
positioned on the top surface of the specimen at four points
(essentially equally spaced at a distance of ~76 mm, with the exact
value measured for each specimen) along the length of the
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Fig. 1. Configuration for electric permittivity measurement. (a) Schematic illustration
(top view), with the dimensions shown in mm for the PAN-based carbon fiber. (b)
Schematic illustration (side view), with the dimensions shown in mm for the PAN-
based carbon fiber, showing a dielectric film between each electrode and the spec-
imen. The vertical axis is expanded, with the scale different from that of the horizontal
axis. (c) Photograph of the PAN-based carbon fiber tow (horizontal) with four
aluminum foil electrodes and including a ruler with main divisions in inches. Each
electrode (3.18 mm wide) is much narrower for the region above the specimen than
the regions away from the specimen.
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specimen (Fig. 1). Each electrode is adhered to the top surface of the
specimen by using 6 layers of double-sided adhesive tape (thick-
ness 0.077 mm per layer, thickness 0.46 mm for the 6 layers com-
bined), which serves as the dielectric film. Each electrode is
3.18 mm wide in the direction of the length of the specimen, such
that it extends all the way along the 5.15 mm width of the spec-
imen. By using different pairs of electrodes (the 1st and 2nd, the 1st
and 3rd, and the 1st and 4th), measurement of the capacitance is
conducted over distances of L (~76 mm), 2L (~152 mm) and 3L
(~228 mm), with the exact values measured for each specimen.

The capacitance is measured using an LCR meter (Instek LCR-816
High Precision LCR Meter). The frequency is 2.000 kHz, because this
is the highest frequency provided by the meter and a frequency in
the kHz range is commonly available and widely used. The error in
the capacitance measurement is +0.0005 pF. The capacitance re-
ported is that for the equivalent circuit of capacitance and resis-
tance in series. This circuit model is intended to indicate the setting
used in the meter, rather than the method of analysis. The voltage
(0.300, 0.600 or 0.900V) is adjusted so that the electric field
(3.95V/m) is the same for the different distances between the
chosen electrodes of a pair.

The frequency for the capacitance measurement is fixed. In the
case of discontinuous carbons (such as carbon black and activated
carbon), prior work in this research group has shown that the
permittivity decreases monotonically with increasing frequency
from Hz to MHz [32—35].

The method of this work is in contrast to impedance spectros-
copy [36—38], which involves measurement of the impedance (real
and imaginary parts) as a function of the frequency and fitting the
frequency dependence by using equivalent circuit models. Imped-
ance spectroscopy suffers from the fact that the circuit models are
not unique, so that the circuit parameters obtained by the curve
fitting are not very meaningful scientifically.

For measurement using each pair of electrodes, the two inter-
facial capacitances (for the two specimen-electrode interfaces) and
the specimen volumetric capacitance are three capacitors in series
electrically. Hence, the measured capacitance Cy, is given by

1/Cn=1/C + 2/C;, (1)

Where C is the specimen volumetric capacitance, and C; is the
interfacial capacitance for one interface. The C relates to « of the
specimen by the equation

C = eokA/l, (2)

Where &, is the permittivity of free space (8.85 x 10”12 F/m), A is the
area of the specimen in the plane perpendicular to the direction of
capacitance measurement, and [ is the length of the specimen be-
tween the two electrodes in the direction of the capacitance mea-
surement (i.e., L, 2L or 3L). Combining Eqs. (1) and (2) gives

1/Cn = 1/(20kA) + 2/C:. (3)

Based on Eq. (3), a plot of 1/Cp, vs. I gives a line of slope equal to
1/(eokA). Hence, from the slope, « is obtained.

2.3. Conductivity measurement method

The conductivity is measured using the same specimen config-
uration as Fig. 1, except that the dielectric film is replaced by silver
paint. The same specimens are used first for permittivity mea-
surement and then for conductivity measurement. By using
different pairs of electrodes (the 1st and 2nd, the 1st and 3rd, and
the 1st and 4th), measurement of the resistance is conducted over

distances of L (~76 mm), 2L (~152 mm) and 3L (~228 mm), with the
exact values measured for each specimen.

For measurement using each pair of electrodes, the two inter-
facial resistances and the specimen volumetric resistance are three
resistors in series electrically. Hence, the measured resistance Ry, is
given by

Rn=R + 2R;, (4)

Where R is the specimen volumetric resistance, and R; is the
interfacial resistance for one interface. The R relates to the re-
sistivity p of the specimen by the equation

R=pl/A, (5)

Where A is the area of the specimen in the plane perpendicular to

the direction of resistance measurement, and [ is the length of the

specimen between the two electrodes (i.e., L, 2L or 3L).
Combining Egs. (4) and (5) gives

R =pl/A + 2R, (6)

Based on Eq. (6), a plot of Ry, vs. I gives a line of slope equal to p/A.
Hence, from the slope, p is obtained.

The DC resistance is measured using a precision digital multi-
meter (Keithley Model 2002) operating in the two-wire mode. For
the range of resistance of this work, the resolution is 100 nQ and the
current provided by the meter is 7.2 mA [39].

3. Results and discussion

For both PAN-based and pitch-based carbon fibers, the plot of 1/
Cpy vs. distance [ according to Eq. (1) and the plot of Ry, vs. distance [
according to Eq. (4) are highly linear. Figs. 2 and 3 give represen-
tative plots. The error in the relative permittivity « or resistivity p is
obtained by considering the range of values of the slope.

Table 1 shows that « is much higher for the PAN-based carbon
fiber than the pitch-based carbon fiber, while p is similar for the
two types of fiber. The value for the pitch-based fiber (4383 +257)
is close to the value (3960 + 450, also at 2 kHz) previously reported
for the same type of fiber (P-25), but using a different specimen
testing set-up that involves using an alumina mold to hold multiple
tows [25]. The resistivity value of (1.52 + 0.04) x 10~> Q.cm for the
PAN-based carbon fiber is close to the manufacturer datasheet
value of 16x103Qcm [20]. The resistivity value of
(1.24 + 0.02) x 103 Q.cm for the pitch-based carbon fiber is close to
the manufacturer datasheet value of 1.2 x 1073 Q.cm [31].

Since the resistivity is similar for the pitch-based carbon
fiber (124 x1073Q.cm) and the PAN-based carbon fiber
(1.52 x 103 Q.cm), the huge difference in « between these two fi-
bers is attributed to the difference in structure between the two
types of fiber, as discussed below.

The HTS PAN-based fiber of this work is very similar to the
Hexcel AS-4 PAN-based carbon fiber in terms of the density (1.77
and 1.79 g/cm? for HTS and AS-4, respectively), fiber diameter (7.0
and 71 pum for HTS and AS-4, respectively), tensile modulus
(240 GPa and 231GPa for HTS and AS-4, respectively), tensile
strength (4500 MPa and 4480 MPa for HTS and AS-4, respectively),
tensile ductility (1.9% and 1.8% for HTS and AS-4, respectively) and
electrical resistivity (1.6 x 107> and 1.7 x 10~3 Q.cm, respectively).
Due to the strong similarity in density and in mechanical and
electrical properties between HTS and AS-4, these two PAN-based
carbon fibers are considered to be essentially equivalent [40].

The L. is 18 and 26 A for AS-4 and P-25, respectively; L, is 35 and
40 A for AS-4 and P-25, respectively; the azimuthal spread is 36.8°
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Fig. 2. Plot of 1/Cy, vs. distance [ according to Eq. (3). (a) PAN-based carbon fiber. (b)
Pitch-based carbon fiber.

and 31.9° for AS-4 and P-25, respectively [41]. On the other hand,
the interplanar spacing dooy is 3.420 A and 3.438 A for AS-4 and P-
25, respectively, corresponding to degree of graphitization of 0.24
and 0.02 for AS-4 and P-25, respectively [41]. Scanning electron
microscopy of the fiber cross section shows the absence of
observable layer-like microstructure for both AS-4 and P-25 [42], in
contrast to the layer-like microstructure for P-100 [42], which is
more graphitic. With the comparison between AS-4 and P-25 taken
as a comparison between HTS and P-25, the above data indicate
that HTS has lower L, lower Lg, larger azimuthal spread and, most
significantly, lower dggz than P-25.

With HTS (PAN-based) exhibiting higher permittivity than P-25
(pitch-based) (Table 1), the above arguments mean that the axial
permittivity of carbon fiber is enhanced by a higher degree of
graphitization, as indicated by a lower dgg;. On the other hand,
HTS and P-25 exhibit about the same conductivity (Table 1). This
is due to the PAN-based fiber's lower degree of carbon layer
preferred orientation and smaller crystallite size, which cause the
higher degree of graphitization alone to be not able to cause the
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Fig. 3. Plot of R, vs. distance | according to Eq. (6). (a) PAN-based carbon fiber. (b)
Pitch-based carbon fiber.

Table 1
Relative permittivity (2 kHz) and electrical resistivity (DC) of PAN-based and pitch-
based carbon fibers.

PAN-based carbon fiber

12233 +994
1.52+0.04

Pitch-based carbon fiber

4384 +257
1.24+0.02

Relative permittivity
Resistivity (107> Q.cm)

PAN-based fiber to be more conductive than the pitch-based fiber.
The permittivity is less sensitive to interfaces than the DC con-
ductivity, due to the smaller distance of excursion for the charge
carriers during AC polarization than during DC conduction. As a
consequence, the greater number of interfaces in the PAN-based
fiber, as caused by the smaller crystallite size and lower degree of
preferred orientation, does not decrease the permittivity of the
PAN-based fiber as much as decreasing its conductivity. Therefore,
the two types of fiber exhibit essentially the same conductivity,
while the permittivity is higher for the PAN-based fiber than the
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pitch-based fiber. Investigation of a larger variety of carbon fibers is
needed to ascertain the relationship between the permittivity and
the fiber structure.

The finding that, for the same conductivity, less microstructural
order promotes the permittivity is consistent with the following
additional notions. Firstly, less microstructural order increases the
number of carbon layers that are not along the fiber axis and these
carbon layers contribute to the axial permittivity of the fiber more
than the carbon layers that are oriented along the fiber axis (due to
the parallel-plate capacitor geometry of the parallel carbon layers).
Secondly, less microstructural order decreases L. and L, thereby
increasing the number of carbon layer stacks and, as a consequence,
increasing the number of inter-stack interfaces, which contribute to
the capacitance.

Prior work of this research groups has shown that the relative
permittivity is 4960 + 662 and 3960 + 450 for Thornel P-100 (more
graphitic) and Thornel P-25 fibers (less graphitic), respectively [25].
The higher permittivity of P-100 compared to P-25 is attributed to
the much lower resistivity of P-100 (1.8 x 10~4Q.cm compared to
1.2 x 103 Q.cm for P-25) and the fact that the permittivity and
conductivity are not independent of one another. More charge
carrier movement, as enabled by a lower resistivity, promotes po-
larization, thereby increasing the permittivity.

The relative permittivity values of all the continuous carbon fi-
bers mentioned above are higher than those of discontinuous car-
bons (such as carbon black, exfoliated graphite, natural graphite,
activated carbon, graphite oxide and reduced graphite oxide) that
have been tested by this research group [32—35]. The relatively low
values for the discontinuous carbons are due to the small di-
mensions of the discontinuous carbons and the resulting limited
distance of excursion of the charge carriers during polarization.

The nickel coating of the carbon fiber greatly increases the
permittivity, as shown in our parallel study [43]. The effect of de-
fects on the permittivity of carbon fiber is yet to be studied.

The permittivity of the carbon electrodes in electrochemical
devices (supercapacitors and batteries) is expected to affect the
device performance. In particular, the polarization of the electrode
results in an opposing electric field, which can affect the device
performance negatively. The polarization is particularly significant
under DC operation, which is the case for batteries. Furthermore,
the RC time constant resulting from the capacitance of the elec-
trode may degrade the ability of the device to operate at high fre-
quencies. The practically important effects of the electrode
polarization have been neglected in prior research on the electro-
chemical devices, but they are worthy of future research.

4. Conclusion

Colossal permittivity was discovered in PAN-based carbon fiber
along the fiber axis. This is the first report of colossal permittivity in
carbon materials. The relative permittivity (12233 + 994 at 2 kHz) is
much higher than that of mesophase-pitch-based carbon fiber
(4384 + 257 at 2kHz). The two types of fiber exhibit similar re-
sistivity (1.52 x 107> and 1.24 x 10~ Q.cm for the PAN-based and
pitch-based fibers, respectively). For both types of carbon fiber, the
relative permittivity is high, due to the material continuity and
mobile charge carriers of the fiber. The colossal permittivity of the
PAN-based carbon fiber is attributed to the high degree of graphi-
tization (as indicated by the small interplanar spacing) of the PAN-
based carbon fiber compared to the pitch-based carbon fiber. On
the other hand, the lower degree of microstructural order (as
indicated by lower L., lower L, and larger azimuthal spread) of the
PAN-based fiber compared to the pitch-based fiber causes the
conductivity to be not higher for the PAN-based fiber, in spite of the
higher degree of graphitization of the PAN-based fiber. The

conduction is more sensitive to the microstructural order than the
polarization. As a consequence, the PAN-based fiber exhibits higher
permittivity than the pitch-based fiber, while the two fibers are
similar in the conductivity.

The combination of colossal permittivity and intermediate
conductivity of the PAN-based carbon fiber is in contrast to the
colossal permittivity and low conductivity of previously reported
ceramics [2—11]. The intermediate conductivity is attractive for
enhancing the output electric power in mechanical energy har-
vesting. The piezoelectric behavior of the PAN-based carbon fiber is
the subject of a separate paper [44].
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