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ABSTRACT: In this study, we examined the effects of c
irradiation on the mechanical, thermal, structural, and
electrical properties of polyacrylonitrile (PAN). Irradiation
doses of 20, 40, 60, 80, and 100 kGy were used, with non-
irradiated PAN films serving as control samples. Micro-
hardness measurements, mechanical tests, Fourier transform
infrared (FTIR) spectroscopy, differential scanning calorim-
etry analysis, color determination, X-ray diffraction, and
electrical properties were investigated to evaluate the
effects of the irradiation treatments on the PAN films. A
fair consistency was observed between the microhardness
results. Irradiation caused a significant deterioration in the
mechanical properties of the samples. The tensile strength
and percentage elongation at break decreased with increas-
ing irradiation dose. Similarly, Young’s modulus and
toughness also decreased with increasing irradiation dose.

The melting and crystallization temperatures decreased,
whereas the degree of yellowness increased with increasing
irradiation dose. The percentage crystallinity of the PAN
film increased with increasing irradiation dose. The FTIR
spectra showed that there was a tendency toward a greater
effect of c irradiation on the structure of PAN at higher irra-
diation doses. The values of the electrical parameters, such
as capacitance in parallel, dielectric constant, dielectric loss,
resistance in series, resistance in parallel, reactance, and
quality factor, increased, whereas the values of capacitance in
series, impedance, conductance, susceptance, admittance, and
phase angle decreased because of the c irradiation. VVC 2008
Wiley Periodicals, Inc. J Appl Polym Sci 110: 2569–2578, 2008

Key words: dielectric properties; differential scanning
calorimetry (DSC); FTIR; irradiation

INTRODUCTION

Studies on the interaction of high-energy radiation
with polymers have attracted the attention of many
researchers. This is because high-energy radiation
can induce both chain scission and/or crosslink-
ing.1,2 For some applications, radiation degradation
can be controlled and devoted to achieve a specific
property. Radiation processing has been demon-
strated on a commercial scale to be a very effective
means of improving the end-use properties of poly-
mer materials. Properties such as mechanical and
thermal stability, chemical resistance, melt flow
processability, and surface properties can be signifi-
cantly improved by radiation processing.3 c irradia-
tion is used because of its higher penetrating
capability and negligible heat production.4,5

The major chemical changes occurring in polymers
as a result of radiation are (a) scission and/or cross-
linking of the polymeric chains, with their net effect

determining the changes in the polymer properties;
(b) the formation of gases and low-molecular-weight
radiolysis products; and (c) the formation of un-
saturated bonds.6,7 The extent of radiation-induced
changes in polymeric materials depends on the poly-
mer type and morphology, the specific additives
used to compound the polymers, the type of radia-
tion (i.e., b or c), the irradiation dose and dose rate
(kGy/h) in which irradiation takes place (i.e., ab-
sence or presence of oxygen), and the temperature.8

Methods for accessing the extent of radiation-
induced changes in polymeric materials include
mechanical testing9 (e.g., tensile strength, percentage
elongation at break, compression testing, tear
strength, puncture resistance) and physicochemical
testing10 (e.g., thermal testing, sealability, change in
crystallinity), colorimetry11 (to measure the degree of
discoloration), Fourier transform infrared (FTIR)
spectroscopy12 (to measure structural changes), gas
chromatography13–mass spectroscopy14 and/or liq-
uid chromatography–mass spectroscopy15 (to iden-
tify radiolysis products), electron spin resonance
spectroscopy16 (to measure free radicals formation),
and rheological testing17 (i.e., to measure changes in
molecular weight).
Polyacrylonitrile (PAN) is a versatile polymer that

is widely used for making membranes that offer
good resistance to a wide range of solvents.18 It
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shows good mechanical strength as a film and is
thermally stable. However, it also has some disad-
vantages, such as a strong hydrophobicity, electro-
static accumulation, and so on because of the lack
of segmental mobility resulting from the intensive
molecular orientation of the highly polar nitrile
groups.19 It exhibits an unusually high melting tem-
perature (Tm) of 3208C compared with that of other
aliphatic polymers.20–23 The interactions between
polar nitrile groups are responsible for its high Tm.
At higher temperatures, the thermal energy of the
segment mobility will be higher, which might pro-
duce a greater effect in opposing the dipolar inter-
action forces of the nitrile groups.24

In recent years, interest in the study of the electri-
cal properties of polymers has grown significantly.
Some of these have been on fundamental aspects,
which are of interest not only for understanding the
inherent properties of the material but also for deter-
mining many of its practical applications. The dielec-
tric properties, such as the dielectric constant (e) and
dielectric loss (tan�1 A), of fiber-forming PAN is
interesting because of its polar nitrile groups. In
addition, c irradiation has become one of the most
common processes used to produce modifications in
its physical, chemical, and morphological structures.
The thermal expansion coefficient of PAN increases
rapidly in the vicinity of 908C with increasing tem-
peratures.25–27 Its high strength; high softening tem-
perature; resistance to weathering, chemicals, water,
and cleaning solvents; and soft-wool like feel have
made PAN popular for many uses, such as in blan-
kets and various types of clothing.28

Hence, in this investigation, we attempted to
study the effect of c irradiation on the structural,
mechanical, and thermal properties of PAN films.
Test methods used in this study included mechani-
cal property testing (tensile strength, percentage
elongation at break, toughness, and Young’s modu-
lus), thermal analysis [Tm and crystallization temper-
ature (Tc)] colorimetry (measurement of degree of
discoloration), X-ray diffraction (XRD), and FTIR
spectroscopy (identification of structural changes in
the polymer as a result of irradiation). The micro-
hardness values of the PAN films were also meas-
ured at different irradiation doses. The dielectric
properties of pure and c-irradiated PAN films were
measured at an irradiation dose of 25 kGy.

EXPERIMENTAL

Materials

The PAN used in this study was obtained in powder
form from the Naval Material Research Laboratory
(Ambernath, India). Dimethyl formamide was
obtained from Merck, Ltd. (Mumbai, India).

Film preparation

To prepare the PAN films, the polymer was dis-
solved in dimethyl formamide solution at 608C, and
the solution was poured into a glass pellet. Upon
drying, the solution stood at room temperature for
2 h, and a thin transparent film of PAN was
obtained. The prepared films were stored in vacuum
desiccators for further study.

c irradiation

The c irradiation of the square-shaped (0.01 �
0.01 m2), 40–50 lm thick specimens were carried out
with a high-energy source Co60 Gamma Chamber-
900 (irradiation source) supplied by BARC (Mumbai,
India). Samples were irradiated with various doses
ranging from 20 to 100 kGy (20, 40, 60, 80, and 100
kGy). The films were exposed to c irradiation in air
at a dose rate of 0.40 M rad/h.

Characterization

The irradiated samples were indented at room tem-
perature by a mhp-160 microhardness tester with a
Vickers’s diamond pyramidal indenter (JENA, Japan)
with a square base and a 1368 pyramidal angle
attached to a Carl Zeiss NU2 universal research micro-
scope (JENA, Japan). The Vickers hardness number
(Hv) was calculated from the following relation:

Hv ¼ 1:854� L=d2ðkg=mm2Þ

where L is the load (kg) and d is the diagonal of in-
dentation (mm). For each test, the duration was 30 s.
For each load, at least five indentations were made
at different points of the specimen, and the average
Hv was calculated. During the test, the specimens
were kept strictly horizontal and rigid.
Visual color was measured by a Hunter colorimeter

model DP-900 optical sensor (Hunter Lab Associates,
Road Reston, VA) in terms of lightness (L) from black
(0) to white (100), a from green (�) to red (þ), and b
from blue (�) to yellow (þ). The instrument (458/08
geometry, 108 observer) was calibrated with a stand-
ard white tile (L ¼ 91.58, a ¼ �0.79, b ¼ �0.35). A glass
Petri dish containing the PAN film was placed
beneath the light source to record the L, a, and b
values.
The mechanical properties of the pure and irradi-

ated PAN films were tested on a Lloyd LR10K univer-
sal tensile machine. A thin film sample 4 cm long and
1 cm wide (ASTM D 638) was gripped between the
two jaws of the tensile machine. The crosshead speed
was kept at 5 mm/min. The average value was calcu-
lated from a set of a minimum of 10 measurements.
The FTIR spectroscopy of the pure and irradiated

PAN films was performed with an attenuated total
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reflection FTIR spectrophotometer (Paragon 500
model, PerkinElmer, Beaconsfield, Buckinghamshire,
UK) in the wave-number range 400–4000 cm�1 with
a resolution of 4 cm�1. The FTIR spectra were taken
in a transmittance mode.

The thermal analysis was performed with a
PerkinElmer DSC-7 differential scanning calorimeter
at a heating rate of 108C/min under a nitrogen
atmosphere. The melting studies were performed in
the temperature range 50–3508C.

XRD studies of the pure and irradiated PAN films
were recorded with a Bruker D8 Advance XRD
meter (Rigaku Corp., Tokyo, Japan) with Ni-filtered
Cu Ka radiation with a wavelength (k) of 1.54060 Å
with a graphite monochromator. The scan was taken
in a 2y range of 5–408 with a scanning speed and
step size of 18/mm and 0.018, respectively. The per-
centage crystallinity was measured by a formula
given elsewhere.29

The dielectric properties were measured at normal
temperature and pressure conditions with 4284A,
Precision Inductance, Capacitance and Resistance
meter (Agilent Technologies Ltd., Santa Clara, CA)
within the frequency range 20 Hz to 1 MHz and var-
ious direct-current (dc) bias potentials from 0 to 40
V. The samples were tested only as a function of fre-
quency. The diameter of the film was around 40
mm. The films were silver coated from both sides
for better electrode contact.30 The specialty of this
impedance (Z) analyzer was inbuilt dc bias potential
variation facilities, which enabled us to apply simul-
taneous dc potentials along with an alternating-cur-
rent signal to measure the overall electrical
parameters. The fixture assembly attached to this
instrument was designed to take observations at nor-
mal temperature and pressure conditions only. The
electrical properties were measured at an irradiation
dose of 25 kGy only.

RESULTS AND DISCUSSION

Microhardness measurements

The microhardness has been found to be a nondes-
tructive means of characterizing the mechanical per-
formance of polymers.31 This technique can also be
used to study radiational crosslinking in polymeric
materials. Figure 1 shows the effect of various doses
of c irradiation, ranging from 20 to 100 kGy, on
microhardness of the surface of pure PAN at a load
of 60 g.
It is clear from the figure that the microhardness

increased with increasing radiation dose up to 100
kGy for PAN. The increase in microhardness for the
irradiated samples compared with the nonirradiated
(0 kGy) sample confirmed radiation-induced oxida-
tive degradation in PAN. The oxidative degradation
began at 20 kGy and stabilized with further
increases in the dose up to 100 kGy. Increases in the
dose further increased the radiation-induced oxida-
tive degradation between the PAN chains up to a
dose of 100 kGy. Thus, there was a clear indication
of the predominance of oxidative degradation in
pure PAN as a result of c irradiation. The higher
level of microhardness in the PAN may have been
due to the greater extent of intermolecular interac-
tion between the functional groups of pure PAN
chains.

Color measurements

The results obtained from color analysis before and
after c irradiation are shown in Figures 2–4. The
data in Figure 2 show significant differences in the
Hunter b values between the nonirradiated and irra-
diated samples. An increase in irradiation dose
increased the Hunter b color values. As a result, the
irradiated samples became more yellow in relation
to the nonirradiated samples. The Hunter L values
(Fig. 3) decreased with increasing irradiation dose.

Figure 1 Variation of Hv with different irradiation doses
for PAN at a load of 60 g.

Figure 2 Hunter b values of PAN versus irradiation dose.
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Thus, the nonirradiated samples had a brighter
appearance than the irradiated samples. Irradiation
also caused a decrease in the Hunter a values (Fig.
4). Further statistical analysis of the total color differ-
ence (DE) values, an indicator of the total color dif-
ference between the nonirradiated and irradiated
samples, showed that there was a significant in-
crease in this parameter with increasing irradiation
dose (Fig. 5).

DE of the samples was calculated according to the
following equation:

DE ¼ ½ðDLÞ2 þ ðDaÞ2 þ ðDbÞ2�1=2

The symbol D expresses the differences between
the standards (control sample) and the irradiated
samples’ color values. The degree of discoloration
(yellowing) was directly related to the type of stabi-
lizing additives used during the compounding of
the polymeric material. On the basis of the previous
data, we postulated that the DE values for PAN may
be used as a basis for developing a method to moni-
tor the intensity of c irradiation.9

Mechanical properties

The results of the mechanical tests of the PAN films
irradiated at different irradiation doses are summar-
ized in Table I. Figure 6 presents the results of the
tensile strength. The tensile strength of the PAN
films decreased with increasing irradiation dose.
This shows that there was a tendency toward a
greater effect of c irradiation on the tensile strength
of the PAN films. Figure 7 is the plot of the percent-
age elongation at break against the irradiation dose.
The elongation at break decreased with increasing
irradiation dose. Similarly, the Young’s modulus
and toughness of the PAN films also decreased with
increasing irradiation dose, which is shown in Fig-
ures 8 and 9, respectively. Thus, the decrease in me-
chanical properties at higher doses was attributed to
the radiation-induced oxidative degradation of poly-
mers in the presence of air.14,32 The extent of the
radiation-induced oxidative degradation depends on
the nature of polymer, the radiation dose and dose
rate, and the crystallinity of the polymer.32–35 The
lower the polymer crystallinity is, the easier it is for
oxygen to penetrate into the crystalline region of the
polymer, and consequently, the higher the oxidation
potential will be.36 When we compared our results
with those of Fintzou et al.,4 we observed that c

Figure 4 Hunter a values of PAN versus irradiation dose.

Figure 5 DE values of PAN versus irradiation dose.Figure 3 Hunter L values of PAN versus irradiation
dose.

TABLE I
Mechanical Properties of the PAN Films Irradiated at

Different Doses

Irradiation
dose
(kGy)

Elongation
(%)

Tensile
strength
(MPa)

Young’s
modulus
(MPa)

Toughness
(MPa)

0 17.58 44.81 1296.3 2.97
20 15.93 42.19 1210.2 2.90
40 14.28 39.85 1095.7 2.84
60 13.12 37.55 1015.6 2.76
80 11.64 34.22 966.2 2.70
100 10.61 31.72 885.7 2.63
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irradiation in vacuo caused less degradation in the
mechanical properties of the polymers then c irradi-
ation in air.

Infrared spectroscopy

Additional information on the changes in the chemi-
cal structure of the PAN films induced by c irradia-
tion was obtained by FTIR spectroscopy. Infrared
spectra of the original and irradiated PAN films are
shown in Figure 10. From these spectra, we
observed that irradiation at various doses affected
the molecular structure of the PAN films. The char-
acteristics stretching band of the nitrile group of
PAN appeared at 2240 cm�1. The bands at 3460 and
3390 cm�1 were assigned to the asymmetric and
symmetric stretching modes of NH2 groups, respec-
tively. Typical characteristics of the absorption band
for PAN at 2250 cm�1 corresponding to CBN were
clearly visible.37,38 The band at 2810 cm�1 corre-
sponded to CH stretching vibrations. Also, peaks
near 2900–3000 cm�1 were assigned to CH stretching
vibrations. After irradiation at doses of 20-, 40-, and

60-kGy changes were observed in the region 400–
1200 and 3000–4000 cm�1. The intensity of the peaks
in these regions increased with increasing irradiation
dose up to 60 kGy. At higher irradiation doses (80
and 100 kGy), a single broad peak was observed in
the region 3000–4000 cm�1. This study showed that
there was a tendency toward greater effect of c irra-
diation on the structure of PAN at higher irradiation
doses.

Thermal analysis

The shape of the calorimetric melting curve provides
valuable information on the thermal history and
structural characteristics of a sample.39 The melting
and crystallization behaviors for the nonirradiated
and irradiated PAN films are given in Figures 11
and 12, respectively. The results obtained from the
differential scanning calorimetry curves are summar-
ized in Table II. The recorded differential scanning
calorimetry curves obtained for the control and irra-
diated PAN films showed only one melting peak.
This provided evidence that the polymer studied

Figure 6 Variation of the tensile strength with different
irradiation doses.

Figure 7 Variation of the percentage elongation with dif-
ferent irradiation doses.

Figure 8 Variation of the Young’s modulus with different
irradiation doses.

Figure 9 Variation of the toughness with different irradia-
tion doses.
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was characterized by one crystalline form.13,40 Tm

and the specific melting enthalpy (DH) decreased
with increasing irradiation dose. It was, therefore,
clear that the polymer became more amorphous dur-
ing irradiation. Irradiation caused a decrease in the
length of the macromolecular chains, crosslinking,
and other modifications in the crystalline structure.
This degradation mechanism was accentuated by the
presence of air, which simultaneously led to oxida-
tion. Similarly, irradiation caused a decrease in Tc

from 285.6 to 265.58C and increased the heat of crys-
tallization (DHc) from 497.9 to 563.6 J/g. This sug-
gested that c irradiation accelerated crystallization
through heterogeneous nucleation and increased the
degree of crystallinity. In addition, the width of the
crystalline peaks of all of the samples broadened.
Thus, the restricted segmental motion near the or-
ganic–inorganic interfaces accounted for the broad-
ening in Tc. Obviously, in the presence of air, all

deterioration phenomena in the polymer matrix
were pronounced.
DH is directly related to the percentage crystallin-

ity variation (Ds) as calculated by following
equation:

Ds ¼ ðDH � DH�Þ=DH � 100

where DH* is the melting enthalpy of the irradiated
sample and DH is the melting enthalpy of the con-
trol sample. As shown in Table II, DH* decreased
with increasing irradiation dose, which led to an
increase in the degree of crystallinity.

XRD

The observed XRD patterns of the pure and c irradi-
ated PAN films are shown in Figure 13. We

Figure 10 FTIR spectroscopy of PAN irradiated at differ-
ent doses: (a) 0, (b) 20, (c) 40, (d) 60, (e) 80, and (f) 100
kGy.

Figure 11 Melting thermograms of PAN irradiated at
different doses: (a) 0, (b) 20, (c) 40, (d) 60, (e) 80, and (f)
100 kGy.
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observed a relatively sharp peak at 2y ¼ 17.38 (d ¼
5.121 Å) and a broad noncrystalline peak at 2y ¼
28.28 (d ¼ 3.161 Å) for the PAN film. PAN is un-
usual in that even atactic molecules can crystallize.
The presence of a sharp reflection superimposed
over diffuse scattering in these diffraction patterns is

characteristic of the crystalline and amorphous
phases of conventional semicrystalline polymers.41,42

This diffractogram, when compared with the curves
reported by Imai et al.43 for various types of PAN
structures (completely amorphous and with hexago-
nal and orthorhombic crystalline forms), showed a
resemblance to the curve for the hexagonal crystal-
line form in the two-phase structure of PAN. The
characteristic peak at 17.38 corresponded to the
orthorhombic PAN reflection.44 This XRD study of
PAN film thus suggests the presence of two well-
defined phases, amorphous and crystalline, in the
PAN sample.
Table III shows the 2y values, d-spacing, and per-

centage crystallinity obtained by XRD. As shown in
Table III, irradiation caused a decrease in the 2y
values and increased the d-spacing values. For an
irradiation dose of 20 kGy, two broad peaks were
observed at 2y ¼ 17.18 (d ¼ 5.181 Å) and 2y ¼ 26.48
(d ¼ 3.373 Å). Similarly, at an irradiation dose of 40
kGy, two broad peaks were observed at 2y ¼ 16.98
(d ¼ 5.242 Å) and 2y ¼ 24.68 (d ¼ 3.615 Å). The in-
tensity of all of these peaks increased with increas-
ing irradiation dose. At higher irradiation doses of
60, 80, and 100 kGy, single XRD peaks were
observed at 2y ¼ 16.58 (d ¼ 5.368 Å), 2y ¼ 15.28 (d ¼
5.824 Å), and 2y ¼ 14.88 (d ¼ 5.980 Å), respectively.
This means that the dipole–dipole or hydrogen
bonding interactions with the nitrile groups of the
polymer were crystallized. On the basis of the
observed XRD scans, it was apparent that the crys-
tallinity of PAN increased with increasing irradia-
tion dose.

Electrical properties

PAN is highly polar; therefore, we thought it would
be interesting to investigate the electrical properties
of pure and c-irradiated PAN films with a Precision
LCR meter. An attempt was made to correlate the
dielectric properties and resistive properties of the
pure and c-irradiated PAN films. The dielectric
properties of polymers depend in general on the
structure, crystallinity, morphology, and presence of
other additives.45 The permittivity of polymers is

Figure 12 Crystallization thermograms of PAN irradiated
at different doses: (a) 0, (b) 20, (c) 40, (d) 60, (e) 80, and (f)
100 kGy.

TABLE II
Crystallization and Melting Behaviors of PAN Irradiated at Different Doses

Irradiation
dose (kGy)

Tc

(8C)
Tm

(8C)
DHc

(J/g)
DHmelt

(J/g)
Crystallinity

(%)

0 285.6 305.4 497.9 �239.19 51.10
20 278.3 301.6 552.2 �111.51 53.38
40 274.5 298.3 562.1 �105.55 55.87
60 272.4 296.8 589.7 �100.96 57.79
80 268.8 290.4 553.8 �92.76 61.21

100 265.5 284.2 563.6 �88.69 62.92

DHmelt, specific melting enthalpy.
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influenced by interfacial effects (i.e., those due to
polarization arising from the differences in the con-
ductivities of two phases).46 The e and tan�1 A val-
ues as a function of frequency for the pure PAN
film within the frequency range 20 Hz–1 MHz for

various dc bias potentials of 0–40 V are shown in
Figures 14 and 15, respectively. e was the highest at
a frequency of 20 Hz, and with further increases in
frequency and dc bias potential, the trend decreased.
Hence, the e values were directly proportional to the
dc bias potential applied across the PAN film. Tan�1

A was also highest at a lower frequency, and with
further increases in frequency and dc bias potential,
the trend decreased. The decrease in tan�1 A with
frequency may have been caused by dielectric dis-
persion. Hence, the magnitude of tan�1 A of the
PAN films was also directly proportional to the dc
bias potential applied across the sample. This may
have been due to the polarization of PAN dipoles at
lower frequencies.
The e and tan�1 A values as a function of fre-

quency of the PAN film irradiated at 25 kGy are
shown in Figures 16 and 17, respectively. As shown
in these figures, the values of e and tan�1 A were
enhanced because of c irradiation. The enhancement
of the electrical properties after c irradiation was

Figure 14 e as a function of the frequency of the pure
(0 kGy) PAN film.

TABLE III
XRD Results for the PAN Films Irradiated

at Different Doses

Irradiation
dose (kGy)

2y
values

d ¼ nk/
(2 sin y) (Å)

Crystallinity
(%)

0 17.3 5.121 53.21
28.2 3.161

20 17.1 5.181 54.36
26.4 3.373

40 16.9 5.242 56.62
24.6 3.615

60 16.5 5.368 57.27
80 15.2 5.824 59.89

100 14.8 5.980 61.42

n, order of diffraction.

Figure 13 XRD of PAN irradiated at different doses: (a)
0, (b) 20, (c) 40, (d) 60, (e) 80, and (f) 100 kGy.

Figure 15 Tan�1 A as a function of the frequency of the
pure (0 kGy) PAN film.
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due to orientation/crosslinking of the PAN mole-
cules with segmental chains of the microporous
structure.30,47 The irradiated film showed structural
and morphological changes compared to the pure
PAN film with the shift of the polarization peak
from one frequency to another. These morphological
and structural changes affected the polarizing fre-
quency of the irradiated PAN films. Therefore, any
additional dc bias potential would not show any sig-
nificant impact on the polarization.

The resistance in series (Rs), resistance in parallel
(Rp), capacitance in series (Cs), capacitance in parallel
(Cp), Z, conductance (G), reactance (X), susceptance
(B), admittance (Y), phase angle (y), and quality fac-
tor (Q) of the pure and c-irradiated PAN films were
measured simultaneously while the dielectric prop-
erties were measured, and the values are given in
Table IV. As shown in Table IV, the values of Cp, e,
tan�1 A, Rs, Rp, X, and Q increased, whereas the val-
ues of Cs, Z, G, B, Y, and y decreased after c irradia-

tion. The decrease in the electrical properties with
increasing irradiation dose may have been due to
the delocalization of charge carriers at higher irradi-
ation doses.48 Thus, we can say that c irradiation at
higher doses had a greater effect on dielectric prop-
erties of the PAN films.

CONCLUSIONS

This study, involving the c irradiation of PAN films
at various irradiation doses of 20, 40, 60, 80, and 100
kGy, showed that the color of the films changed
after c irradiation. The change in color of the PAN
films after c irradiation could be used to develop a
sensor for c-ray dosimetry. The microhardness of
the PAN films increased with increasing irradiation
dose. c irradiation caused the deterioration of the
color (especially the Hunter b value), mechanical
properties (tensile strength, percentage elongation,
Young’s modulus, and toughness), thermal proper-
ties (Tm, DH, and Tc), and structural properties of
PAN. FTIR spectra showed that there was a tend-
ency toward a greater effect of c irradiation on the
structure of PAN at higher irradiation doses. Tm and
DH of PAN decreased with increasing irradiation
dose. c irradiation decreased the maximum Tc of
PAN and decreased the width of the crystallization
peak, which suggested heterogeneous nucleation
and a hindered mobility of the polymer chain,
resulting in an increase in the degree of crystallinity.
The XRD results show that the crystallinity of PAN
increased with increasing irradiation dose. c irradia-
tion had a greater effect on the electrical properties
of the PAN films. The values of Cp, e, tan

�1 A, Rs,
Rp, X, and Q increased and the values of Cs, Z, G, B,
Y, and y decreased with c irradiation. c irradiation
had a greater effect on the aforementioned proper-
ties of PAN.

Figure 16 e as a function of the frequency of the PAN
film irradiated at 25 kGy.

Figure 17 Tan�1 A as a function of the frequency of the
PAN film irradiated at 25 kGy.

TABLE IV
Electrical Parameters Recorded by the LCR Meter at

Various Frequencies and dc Bias Potentials for the PAN
Films Irradiated at 25 kGy

Electrical
parameter Pure PAN film c-irradiated PAN film

Cp 652 pF, 20 V, 1 kHz 958 pF, 40 V, 100 Hz
Cs 759 nF, 40 V, 1 kHz 660 pF, 40 V, 100 Hz
e 15.936, 0 V, 20 Hz 1678.48, 40 V, 100 Hz

tan�1 A 0.849, 0 V, 20 Hz 1.432, 0 V, 20 Hz
Rs 2.54 MX, 0 V, 20 Hz 2.9 MX, 0 V, 100 Hz
Rp 6.28 MX, 0 V, 20 Hz 10.15 MX, 0 V, 100 Hz
Z 33.98 MX, 0 V, 20 Hz 15.42 MX, 0 V, 20 Hz
X 3.075 MX, 10 V, 1 MHz 4.51 MX, 0 V, 20 Hz
G 893 lS, 40 V, 1 MHz 235 lS, 40 V, 1 MHz
B 13.71mS, 40 V, 100 kHz 2.725 mS, 0 V, 1 MHz
Y 14.4 lS, 40 V, 100 kHz 2.737 lS, 0 V, 1 MHz
y 1368, 10 V, 50 Hz 85.48, 0 V, 1 MHz
Q 3.46, 30 V, 10 kHz 12.4, 10 V, 1 MHz
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