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ABSTRACT: Positive temperature coefficient of resistiv-
ity (PTCR) characteristics of poly(styrene-co-acrylonitrile)
copolymer (SAN)/stainless steel (SS) powder (80 wt %)
composites prepared by melt-mixing method has been
investigated with reference to SAN/carbon black (CB)
composites. The SAN/CB (10 wt %) composites showed a
sudden rise in resistivity (PTC trip) at 125�C, above the
glass transition temperature (Tg) of SAN (Tg � 107�C).
However, the PTC trip temperature of SAN/SS (80 wt %)
composites appeared at 94�C, well below the Tg of SAN.
Addition of 1 phr of nanoclay increased the PTC trip tem-
perature of SAN/CB (10 wt %) composites to 130�C, while
SAN/SS (80 wt %)/clay (1 phr) nanocomposites showed

the PTC trip at 101�C. We proposed that the mismatch in
coefficient of thermal expansion (CTE) between SAN and
SS played a key role that led to a disruption in continuous
network structure of SS even at a temperature below the
Tg of SAN. The dielectric properties study of SAN/SS (80
wt %) composites indicated possible use of the PTC com-
posites as dielectric material. DMA results showed higher
storage modulus of SAN/SS composites than the SAN/CB
composites. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 124:
607–615, 2012
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INTRODUCTION

The electrical conductivity of the insulating polymer
can be achieved by the incorporation of conductive
fillers into the polymer matrix above the percolation
threshold, at which a continuous network of conduc-
tive particles is formed. Carbon black (CB), carbon
fibers, graphite, metallic particles, intrinsically con-
ductive polymers, and carbon nanotubes (CNTs) are
widely used as fillers to get conducting polymer
composites. An abrupt increase in resistivity (PTCR
trip) near the melting temperature (Tm) of the semi-
crystalline or crystalline polymer matrix, converting
the conducting composites to insulating one, is
known as positive temperature coefficient to resistiv-
ity (PTCR) in conducting polymer composites. The
PTCR composites can be used as auto controlled
heater, current limiting devices and temperature sen-
sor as the electrical resistivity of the composites
increases sharply at a particular temperature. Many
models have been proposed for explaining the
mechanism, such as thermal expansion,1,2 electron
tunneling,3–6 thermal fluctuation-included tunnel-
ing,7 cooperative effect of changes in crystallinity
and volume expansion,8 and double percolation.9–13

Since last few decades, many researchers have
investigated deferent aspect of PTCR phenomena for
varieties of fillers filled composites. Most of the
work has been done in order to eliminate negative
temperature coefficient to resistivity (NTCR) effect
that limits their application in over-temperature pro-
tections,14–16 to increase PTC intensity,17–19 reduce
room temperature resistivity,20 increase reproducibil-
ity and repeatability,21,22 reduce the percolation
threshold,22–25 etc. Crosslinking of the semicrystal-
line polymer matrix by chemical and radiation meth-
ods has been reported to eliminate the NTCR
effect.14–16 The PTC intensity enhanced by surface
treatment of CB with a grafting agent highly com-
patible with polymer matrix.17,18 Jiang et al.19

observed a sharp increase in resistivity near the Tm

of the poly(vinylidene fluoride) (PVDF) in multiwall
carbon nanotubes (MWCNTs)/PVDF nanocompo-
sites. Zhou et al.23 reported that the PTC trip of (80/
20 and 20/80 w/w) linear low density polyethylene
(LLDPE)/poly(ethylene methyl acrylate) (EMA)
blends filled with CB appeared near the Tm of the
major phase in the blends. Yang et al.26 studied the
PTC characteristics of high-density polyethylene
(HDPE)/ethylene-vinylacetate (EVA)/CB composites
and reported that the PTC trip of the composites
correspond to the Tm of the major phase in which
most of the filler were distributed. Liu and co-
workers27 reported the PTC trip temperature of bun-
dle-like multiwalled carbon nanotube (MWCNTs)
filled HDPE composites at 140�C, near the Tm of
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HDPE. Lee et al.28 reported improvement in PTC in-
tensity and repeatability in HDPE/CB composite in
presence of small amount of MWCNT. Kalappa
et al.29 reported a significant volume expansion and
noticeable PTCR effect in polyaniline (PANI)-
MWCNT/CB/HDPE hybrid nanocomposites near the
Tm of HDPE. Lisunova et al.30 observed the PTCR
effect above the Tm of the matrix polymer in ultrahigh
molecular weight polyethylene (UHMWPE)/MWCNT
composites. Gao et al.31 reported that the PTC trip
temperature of UHMWPE/CNT composites appeared
around the Tm of the polymer, followed by a negative
temperature coefficient of resistivity (NTCR). Li
et al.32 have reported a significant decrease in room
temperature resistivity of HDPE/CB composites in
presence of graphite nanofibers. However, the PTC
trip temperature in both the composites appeared
above the Tm of HDPE.

Most of the literature on PTCR polymer compo-
sites reports that PTCR trip temperature is a func-
tion of Tm or glass transition temperature (Tg) of the
matrix polymer, and depends on polymer-filler com-
binations. Thus, the dimensional stability of the ma-
trix polymer near the transition temperature (Tm or
Tg) is a major concern that leads to the disadvantage
of PTCR polymer composites. The objective of our
work was to develop PTCR polymer composites
with PTC trip temperature well below transition
temperatures (Tm or Tg) of the matrix polymer. To
explore this, we considered the coefficient of thermal
expansion (CTE) values of polymer and conducting
filler. If the matrix polymer had considerably high
CTE value than the filler, the difference in CTE at
high temperature could disrupt the continuous net-
work of the filler-filler particles, making the compo-
sites insulating in nature. Thus, PTCR properties of
styrene acrylonitrile (SAN)/stainless steel (SS) com-
posites prepared by conventional melt processing
method have been studied. The reason behind
choosing SAN and SS was that SAN has high CTE
value (� 54 ppm/�C) than the SS (� 16 ppm/�C).
We found that the PTC trip temperature of SAN/SS
composites appeared well below the Tg of SAN
polymer. The electrical and thermal properties of the
composites were investigated in detail and a plausi-
ble mechanism behind the PTCR effect has been
proposed.

EXPERIMENTAL

Materials used

Poly(styrene-co-acrylonitrile) copolymer (SAN) used
in this study was procured from ACROS Organics
(25 wt % acrylonitrile and 75 wt % styrene random
copolymer, Mw � 165,000 g/mol). SS (316-L) was
supplied by Alfa Aesar (A Johnson Mathey Com-

pany). Commercial grade conducting CB (Ketjen-
black EC-300J, average particle size: 30 nm) was
supplied by Akzo Nobel Chemicals, USA. The orga-
noclay used in this study was Cloisite 20A (Southern
Clay Product). It is a montmorillonite modified with
dimethyl dihydrogenated tallow ammonium to
increase the domain (d) spacing of Naþ-montmoril-
lonite. The cation exchange capacity of Cloisite 20A
is 95 mequiv/100 g of clay. Hereafter, Cloisite 20A is
referred to as the clay.

Preparation of the composites

Composites of SAN with CB and SS were prepared
by conventional melt-blending method in an internal
mixer (Brabender Plasticorder) at 200�C, with a rotor
speed of 50 rpm for 20 min. Before the melt mixing,
all the compounding ingredients were kept in air
oven at 80�C for 24 h to avoid any moisture induced
thermal degradation during mixing. All the ingre-
dients in the composites formulation, as shown in
Table I, were then dry mixed and fed into the inter-
nal mixer at 200�C for melt mixing. Finally, the com-
posites were compression molded at 200�C into dif-
ferent shapes for further characterizations.

CHARACTERIZATION

Measurement of PTCR characteristics

Compression molded impact bar samples were frac-
tured along the length at two ends under cryogenic
condition. Hole with diameter of 1.5 mm and depth
of � 3 mm on centre of sample along the thickness
was made on each sample, and a thermocouple was
inserted to measure the actual sample temperature.
Silver paint was applied on the fractured surfaces
and dried at room temperature for 10 h. The sample
was clamped with electrodes and with increasing
temperature through uniform heating inside the
oven, resistance was measured with a multimeter,
and temperature was recorded across the sample
with temperature indicator. The ambient tempera-
ture was controlled using the oven with an accuracy
of 60.5�C. This process of measuring PTC character-
istics is referred to as static measurement technique.

TABLE I
Compounding Formulations for SAN/CB

and SAN/SS Composites

SAN (g)

Carbon
black

(CB) (g)
Stainless

steel (SS) (g)
Clay (phr)
wrt. SAN

90 10 0 0
90 10 0 1
20 0 80 0
20 0 80 1
15 0 85 0
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Alternative current (AC) and direct current (DC)
voltage adjusted by a voltage controller was applied
on the sample along the length direction, and the
current passing through the sample was recorded
using a digital multimeter. The heating behavior
was characterized by measuring the surface temper-
ature as a function of voltage and time. After the
current and the surface temperature reached their
steady values, the voltage was switched off and the
sample was naturally cooled down to the room tem-
perature. A higher voltage was then applied on the
sample, and the same measurement procedure was
performed. This process of measuring PTC charac-
teristics is referred to as dynamic measurement
technique.

Thermo mechanical analysis

Linear changes in sample dimension (CTE) as a
function of temperature of the pure SAN and its
composites were investigated through thermo me-
chanical analyzer (TMA, Perkin Elmer). The mea-
surement was performed with the sample having
length of 2.2 mm and cross-section area of 5.3 mm2.
The sample was scanned under nitrogen atmosphere
from room temperature to 200�C at a heating rate of
5�C/min.

Differential scanning calorimetry study

The glass transition temperature (Tg) of pure SAN
and that in the composites were determined with
differential scanning calorimetry (DSC-200 PC,
NETZSCH) with a heating rate of 10�C/min, under
nitrogen atmosphere. The samples were heated from
room temperature to 300�C, and then cooled to
room temperature at a cooling rate of 10�C/min.
The second heating scans were taken for determina-
tion of Tg of the sample.

Dielectric measurements

The dielectric and electrical properties of the SAN/
SS (80 wt %) were obtained using a computer-con-
trolled impedance analyzer (PSM 1735) on applica-
tion of an alternating electric field across the sample
cell with a blocking electrode (aluminum foil) in the
frequency range of 50 Hz–10 MHz. The parameters
like dielectric permittivity (e0) and dielectric loss tan-
gent (tan d) were obtained as a function of fre-
quency. The AC conductivity (rac) was calculated
from the dielectric data using the relation:

rac � xe0e
0 tan d (1)

where, x is equal to 2pƒ (ƒ is the frequency), and e0
is vacuum permittivity. The dielectric permittivity
(e0) was determined with the following equation:

e0 � Cp

C0
(2)

where Cp is the observed capacitance of the sample
(in parallel mode) and C0 is the capacitance of the
cell. The value of C0 was calculated using the area
(A) and thickness (d) of the sample, following the
relation:

C0 � e0A
d

(3)

DMA analysis

Dynamic modulus of the composites was measured
by a dynamic mechanical analyzer (DMA 2980
model, TA Instruments Inc., USA). The dynamic tem-
perature spectra of the composites were obtained in
tension film mode at a constant vibration frequency
of 1 Hz, temperature range of 30–150�C at a heating
rate of 5�C/min, in nitrogen atmosphere. The dimen-
sion of the specimen was 30 � 6.40 � 0.45 mm3.

Thermo gravimetric analysis

The thermal stability (onset degradation tempera-
ture: T1) of the pure SAN and its composites was
investigated with the help of thermo gravimetric
analysis (TGA-209F, from NETZSCH). The sample
was heated from room temperature to 600�C at a
heating rate of 10�C/min, under air atmosphere.

RESULTS AND DISCUSSION

Temperature-resistivity study under
static measurement

Figure 1 represents the variation of resistivity with
temperature for the SAN/CB (10 wt %) and SAN/SS
(80 wt %) composites at three consecutive heating
cycles. As observed, room temperature resistivity of
the SAN/CB (10 wt %) composites [Fig. 1(a)] did
not show any remarkable changes up to 125�C.
However, a sudden increase in resistivity of the
composite was prominent at � 130�C. For instance,
room temperature resistivity (91.43 ohm cm) of the
composites was increased to 23,334 ohm cm at
130�C. This indicated that SAN/CB (10 wt %) com-
posite showed the PTCR trip temperature at �
130�C, which was much higher than the glass transi-
tion temperature of SAN (Tg of SAN � 107�C). It is
a well known fact that, around the Tg polymer mole-
cules absorb lot of heat, thus have lots of kinetic
energy and the polymer chains can move around
easily. Therefore after Tg, a reasonable volume
expansion of polymer matrix takes place. We
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propose that, around 130�C the volume expansion of
polymer matrix was enough to disrupt the continu-
ous network structure of CB in the composites, lead-
ing to an increase in resistivity above the Tg of the
matrix polymer (SAN). Not only the room tempera-
ture resistivity of SAN/CB (10 wt %) composites
was stable but also the PTC trip of the composites
did not change on thermal cycling.

Interestingly, the SAN/SS (80 wt %) composites
showed the PTC transition at significantly low tem-
perature region compared with that in SAN/CB (10
wt %) composites [Fig. 1(b)]. As observed, the room
temperature resistivity (13 Kohm cm) of SAN/SS (80
wt %) composites significantly increased to 182.6
Kohm cm at a lower temperature of � 94�C than
that (130�C) of SAN/CB (10 wt %) composites. Thus,
the PTCR trip temperature of SAN/SS (80 wt %)
composites was well below the trip temperature of

SAN/CB (10 wt %) composites, and the Tg (107�C)
of SAN. Again, room temperature resistivity of
SAN/SS (80 wt %) composites did not show any re-
markable change with thermal cycling. As the trip
temperature (94�C) of the composites was well
below the Tg of SAN, SS particles could not move in
the SAN matrix freely at the PTC trip temperature.
Thus, formation of same continuous network of SS
particles might be possible after cooling the compo-
sites to room temperature.
To explain the observed PTCR trip temperatures

in SAN/SS (80 wt %) composites, we considered the
CTE values of SAN and SS particles. It is well
known that the CTE value of polymer (except heat
shrinkable polymers) is higher than metallic and
ceramic particles. The CTE of SAN (�54 ppm/�C) is
remarkably higher than that of the SS (14–19 ppm/
�C). Thus, in electrically conducting SAN/SS (80 wt
%) composites, the SS particles formed a continuous
network structure in SAN matrix. As the metal filler
(SS) had lower CTE value, when compared with the
matrix polymer (SAN), with increasing temperature
the difference between the CTE values of the filler
and polymer at certain temperature resulted in a dis-
connection (local phenomena) of filler-filler particles
in the network structure. This disruption in filler-fil-
ler particle contact led to a sudden rise in electrical
resistivity which results in the PTCR effect.
If the above assumption for the role of CTE mis-

match on PTCR effect is true, then one can expect
increase in PTC trip temperature of the SAN/SS
composites having relatively lower CTE of the
SAN matrix. To check this possibility, we studied
the PTCR characteristics of SAN/SS (80 wt %)/
clay composites. Addition of nanoclay is known
to decrease the CTE of polymers in the
nanocomposites.33

Figure 2(a) represents the TMA plots of pure SAN
and SAN/clay (1 phr) and DSC heating scans of
pure SAN, SAN/CB (10 wt %) composites, SAN/CB
(10 wt %)/clay (1 phr), SAN/SS (80 wt %), SAN/SS
(80 wt %)/clay (1 phr) and SAN/SS (85 wt %). It
was observed [Fig. 2(a)] that there was a sharp
increase in dimensions of SAN from 60�C, well
below the Tg of the SAN. However, at certain tem-
perature, the CTE value of pure SAN was consider-
ably higher than that of SAN/clay (1 phr) nanocom-
posites. This indicates that, for similar volume
expansion the nanocomposites will require relatively
higher temperature (improvement in dimensional
stability of polymer matrix) than that of the neat
polymer (SAN). The high CTE value of polymers is
generally caused by the low energy barrier for the
chain conformation to be changed. The decrease in
CTE value of SAN in the SAN/clay nanocomposites
was due to the confinement of SAN chains inside
the clay galleries. The high aspect ratio, stiff clay

Figure 1 Resistivity-temperature curves of (a) SAN/CB
(10 wt %) composites and (b) SAN/SS (80 wt %) compo-
sites at three consecutive heating cycles.
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platelets may act as barriers for the thermal diffu-
sion process. Thus, the volumetric or linear thermal
expansion coefficient of SAN was reduced in the
nanocomposites. We assume that the extent of ther-
mal expansion of SAN at 94�C was enough to dis-
rupt the continuous network structure of SS par-
ticles, leading to sharp increase in the resistivity
(PTC trip) value of the composites.

Figure 2(b) represents the DSC heating scans of
pure SAN, SAN/CB (10 wt %) composites, SAN/SS
(80 wt %) composites without and with 1 phr clay
and SAN/SS (85 wt %) composites. The Tg of pure
SAN was appeared at a temperature � 107�C and
remain unaffected in SAN/SS (80 wt %) and SAN/
SS (85 wt %) composites. In SAN/CB (10 wt %)
composites, the Tg was shifted to slightly higher
temperature region (109�C) compared with that of

pure SAN and further increased to 112�C in case of
SAN/CB (10 wt %)/clay (1 phr) composites. The Tg

of SAN/SS (80 wt %) was also increased to 110�C in
presences of 1 phr clay. This increase in Tg of SAN
in the nanocomposites was due to the confinement
(intercalation) of SAN chain inside the clay galleries
that restricted the segmental motion of matrix poly-
mer SAN. Thus increase in Tg clearly indicated the
intercalation of SAN inside the clay silicate layers in
SAN/CB (10 wt %)/clay (1 phr) and SAN/SS (80 wt
%)/clay (1 phr) composites.
Figure 3 shows the effect of nanoclay on the PTCR

characteristics of SAN/CB (10 wt %) and SAN/SS
(80 wt %) composites. The SAN/CB (10 wt %) com-
posites with 1 phr of clay showed relatively lower
room temperature resistivity (� 80.7 ohm cm) com-
pared with that without any clay (� 88 ohm cm).
This might be due to better dispersion of CB par-
ticles in SAN matrix in presence of clay. The CB
clusters broke down during melt blending due to
increased melt viscosity of SAN in presence of the
clay which prevented the agglomeration of CB par-
ticles leading to better dispersion. Interestingly, the
PTC trip temperature (130�C) of SAN/CB compo-
sites shifted to � 136�C when the composite was for-
mulated with 1 phr of the clay. The SAN/SS (80 wt
%)/clay (1 phr) composites showed the PTCR transi-
tion at � 101�C, which was also higher than that
(94�C) of the composites without any clay. However,
the PTC trip temperatures of SAN/SS (80 wt %)
composites without and with 1 phr clay were lower
than the Tg values of SAN in the respective compo-
sites. It is noteworthy that, the PTC trip tempera-
tures of the SAN/SS (80 wt %) composites without
and with clay (1 phr) were very similar to the tem-
peratures that correspond to the similar CTE value

Figure 2 (a) TMA plots showing the change in volume
with temperature for SAN and SAN/clay (1 phr) and (b)
DSC thermograms of pure SAN, SAN/CB (10 wt %) com-
posites, SAN/CB (10 wt %)/clay (1 phr) composites,
SAN/SS (80 wt %) composites, SAN/SS (80 wt %)/clay (1
phr) composites, SAN/SS (85 wt %) composites.

Figure 3 Resistivity-Temperature curves of SAN/CB (10
wt %) and SAN/SS (80 wt %) composites without and
with clay.
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of SAN and its nanocomposites with 1 phr of clay
[Fig. 2(a)]. For instance, the change in dimension of
pure SAN at � 95�C was comparable with that of
SAN/clay (1 phr) nanocomposites at � 100�C. Thus,
on the basis of PTCR characteristics and thermal
behavior (DSC and TMA), we conclude that the mis-
match in CTE values of SAN and SS at 94�C and
101�C were enough to break the continuous network
structure of SS in SAN/SS (80 wt %) composites
without and with 1 phr of clay, respectively.

If the CTE mismatch phenomena played a major
role behind the PTCR effect in SAN/SS composites,
one would expect an increase in the PTC trip tem-
perature of the composites with increase in filler
concentration. To check the possibility, we also
investigated the PTCR characteristic of the compo-
sites with relatively higher loading level (85 wt %)
of SS powder. As observed (Fig. 3), room tempera-
ture resistivity of SAN/SS (85 wt %) composites was
lower (5.2 Kohm cm) than that (13 Kohm cm) of the
composites with 80 wt % SS loading. This was due
to the formation of more contact points in the con-
tinuous network structure of SS at higher loading
that reduced the contact resistance in the compo-
sites. The PTC trip temperature of the SAN/SS (85
wt %) composites was shifted to � 104�C, which
was higher than that (94�C) of the composites with
80 wt % of SS loading. This result clearly indicated
that at 85 wt % filler (SS) loading, the composites
required higher volume expansion and hence higher
temperature (PTC trip � 105�C) to disrupt the filler-
filler contact points in the continuous network
structure, compared with that (94�C) in case of the
composites with 80 wt % of filler loading.

To explain the difference in the PTCR trip temper-
ature of SAN/CB (10 wt %) composites and SAN/
SS (80 wt %) composites, we considered the particle
size of the CB and SS powder. The average particle
size (D) of CB used in this study was � 30 nm,
which was significantly smaller than the D of SS
(� 40 lm). Thus, even at 10 wt % of CB loading, the
number of CB particles and hence, CB-CB contact
points and branching on the CB-CB particles contin-
uous network structure in SAN/CB (10 wt %) com-
posites were expected to be considerably higher
than the branching of SS in SAN/SS (80 wt %) com-
posites. Thus, the SAN/CB (10 wt %) composites
required higher volume expansion and hence higher
temperature to disrupt the CB-CB contact points in
the continuous network structure than that of the
SAN/SS (80 wt %) composites.

Studies on current (I)-voltage (V) characteristics
and PTCR effect under dynamic measurement

Figure 4 presents the current-voltage dependence for
SAN/SS composites at 80 wt % SS loading. It is clear
from the figure that SAN/SS (80 wt %) composites

show ohmic conduction. At room temperature,
under both AC [Fig. 4(a)] and DC [Fig. 4(b)] applied
voltage, the initial current (I) flow in the composites
was increased with increasing the applied voltage.
The maximum temperature rise in the composites at
different AC and DC voltage applications was also
investigated. When the applied voltage (AC or DC)
was increased to � 130 V, a maximum temperature
of � 97�C could be developed in the composites.
Near the PTC trip temperature, current flow in the
composites decreased as the resistance increased.
Thus, there was no further increase in temperature
of the composites above applied voltage (130 V), and
the maximum temperature developed as a result of
current flow was limited to the PTC trip tempera-
ture (� 94�C) of the composites.
The thermo-electric behavior of SAN/SS (80 wt %)

composites with time under 80 and 130 V applica-
tions are shown in Figures 5 and 6, respectively. It is
interesting to note that, the temperature of the com-
posites was increased to a maximum of 55�C and
53�C under 80 V AC and DC applications (Fig. 5),

Figure 4 Current (I)-voltage (V) characteristics of SAN/
SS (80 wt %) composites under (a) AC voltage and (b) DC
voltage applications.
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respectively. At 80 V application (AC and DC), I of
the composites remain constant with time. This obser-
vation was also supported by the temperature-resistiv-
ity measurement (Fig. 1) that indicated the room tem-
perature resistivity of the composites remain almost
constant at � 55�C. However, under both AC and DC
applications, a sharp decrease in I was evident after
125 s when the applied voltage was increased to 130
V (Fig. 6). As observed, under 130 V AC and DC
application, the composites could attain � 94�C after
125 s and 150 s, respectively, which were close to the
PTC trip temperature of the SAN/SS (80 wt %) com-
posites. Thus, increase in resistivity of the composites
near the PTC trip temperature resulted in a decrease
in I of the composites, and hence no further increase
in temperature was observed.34

Dielectric properties

Figure 7 shows the variation of dielectric permittiv-
ity (e0) of the SAN/SS (80 wt %) composites with fre-

quency in a wide range (50Hz–10 MHz) at room
temperature. A rapid decrease in dielectric permit-
tivity of the composites was prominent at lower fre-
quency region (up to 1 kHz) indicating dispersion at
low frequency in dielectric constant, and then, a
slow but gradual decrease in dielectric permittivity
was observed with further increasing the frequency
up to 1 MHz. The decrease of dielectric permittivity
(e0) with increasing frequency is the expected behav-
ior in most dielectric materials. This might be due to
the dielectric relaxation that involved the orientation
polarization, which depend on the molecular
arrangement and uniform dispersion of the filler
aggregates throughout the sample. The dielectric
permittivity of a material decreases with decrease in
polarizability. At higher frequencies, the polar mole-
cules of dielectric get less time to orient themselves
in the direction of the alternating field; hence, dielec-
tric permittivity decreases with increasing fre-
quency.35 A higher value of dielectric permittivity
(e0) at low frequency is due to the presence of all
types of polarizations (i.e., electronic, ionic, dipolar,
interfacial, etc.) in the sample at room temperature.
As only the electronics polarization dominates at
higher frequency (other types of polarizations van-
ish), the value of dielectric permittivity (e0) decreases
with increase in frequency. The variation of loss tan-
gent also follows the identical pattern like that of
dielectric permittivity (e0). Figure 7 also shows the
variation of dielectric loss tangent (tan d) of the com-
posites with frequency range (50 Hz–10 MHz) at
room temperature. As observed, dielectric loss tan-
gent was decreased with increase in frequency and
became constant at 105 Hz. The decrease in dielectric
loss tangent at higher frequency might be attributed
to the dipole relaxation phenomena associated with

Figure 6 Temperature-current (I) plots of SAN/SS (80 wt
%) composites under 130 V AC and DC applications.

Figure 7 Variation of (a) dielectric permittivity (e0) and
dielectric loss (tan d) with frequency and (b) ac conductiv-
ity (rac) with frequency of SAN/SS (80 wt %) at room
temperature.

Figure 5 Temperature-current (I) plots of SAN/SS (80 wt
%) composites under 80 V AC and DC applications.
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the inability of the electric dipoles to be in the same
phase with the frequency of applied electric field.

Figure 7 (inset) shows the variation of electrical
conductivity of the SAN/SS (80 wt %) composites as
a function of frequency (50 Hz–10 MHz) at room
temperature. As can be seen, a marginal increase in
conductivity of the composites was evident with
increase in frequency up to 105 Hz. The increase in
electrical conductivity with frequency was more
prominent in the frequency range of 105 Hz–106 Hz.
It is widely believed that their electrical properties
of polymer composites depend primarily on the way
the filler particles are distributed through the poly-
mer matrix. The electrical conductivity, in the SAN/
SS (80 wt %) composites was due to the formation of
continuous network structure by the electrically con-
ductive SS particles. The frequency dependence of
conductivity in polymer composites is due to hop-
ping transport between localized sites. The disper-
sion of SS filler is heterogeneous, localized, and dis-
ordered. The disorder dispersion of filler particles in
polymer matrix results in a wide distribution of
hopping rates giving a strong dispersion of the AC
conductivity. The conduction mechanism has not yet
been cleared due to complex polymer structure.36

In most polymer composites, a power law
dependence of conductivity (r) on variation in fre-
quency (x) is observed, which is represented mathe-
matically by:

r0ðxÞaxt (4)

with the value of the exponential parameter, t rang-
ing from 0 < t � 1, but mostly t � 1. The frequency
dependence usually relates a small DC conductivity
to a high localized one (at increasing frequencies)
and is attributed to the polarization of the increas-
ingly small conducting units. In disordered materials
electron transport, the relevant mechanisms are elec-
tron localization with associated hopping36 and frac-
tal topology.37 The electrical conductivity, r, of
many disordered solids including polymer compo-
sites was shown by Jonsacher38 to consist of a fre-
quency independent and a strongly frequency
dependent component, the former being the DC con-
ductivity, r. From the experimental data in limited
frequency region, it was noted that the overall fre-
quency dependence of r or the so called ‘‘universal
dynamic response’’ of electron conductivity could be
approximated by the following simple relation:

rðxÞ ¼ rDCþAxs (5)

where x ¼ 2pƒ is the angular frequency, and A and
s are exponential parameters. For a polymer compos-
ite containing moderate concentration of filler, s
� 0.5–0.6, and both s and A follow strong dependen-

cies on a variety of factors including the filler load-
ing and temperature.

Mechanical properties

Figure 8 represents the DMA plots of pure SAN and
its composites with CB (10 wt %) and SS powder (80
wt %). As observed, the storage modulus of SAN
was increased in both SAN/CB (10 wt %) and
SAN/SS (80 wt %) composites throughout the entire
temperature (30–160�C) scan. This might be due to
the stress transfer from matrix to the filler. The stor-
age modulus of SAN was significantly increased in
SAN/SS (80 wt %) composites. This may be due to
the presence of higher amount of filler in the poly-
mer. Thus, the stress transfer from matrix to filler
took place in a better manner, or we can say that the
stress may be withstood by the high concentration
filler. It is noteworthy, the storage modulus of the
SAN/SS (80 wt %) composites at its PTCR trip tem-
peratures is � 100 times higher than that of SAN/
CB (10 wt %) composites. This observation clearly
indicated that SAN/SS (80 wt %) had remarkably
high dimensional stability than the SAN/CB (10 wt
%) composites at their PTCR trip temperatures.

Thermo gravimetric analysis

Figure 9 represents the TGA plots for pure SAN,
SAN/CB (10 wt %) composites and SAN/SS (80 and
85 wt %) composites, without and with 1 phr clay.
As observed, all the composites showed higher ini-
tial degradation temperature (T1) compared with the
pure SAN. The T1 of SAN was significantly
increased in SAN/SS (80 wt %) composites (T1

� 359�C) compared to that (T1 � 335�C) in the
SAN/CB (10 wt %) composites. This increase in
thermal stability may arise from the interaction
between the polymer chains and the fillers surfaces.

Figure 8 Storage modulus of pure SAN, and SAN/CB
(10 wt %) composites, SAN/SS (80 wt %) composites.
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The PTC trip temperature (� 94�C) of SAN/SS (80
wt %) composites was reasonably lower than the ini-
tial degradation temperature (359�C) of the compo-
sites. The high thermal stability of SAN/SS (80 wt
%) composites indicates that the composites can be
efficiently used as PTCR material without any ther-
mal degradation on several cycling.

CONCLUSION

The effect of CTE of the matrix polymer and fillers
on the PTCR behavior of SAN/SS composites was
studied. The PTC trip temperature of SAN/SS (80
wt %) composites was observed well below the Tg of
the matrix polymer (SAN). The composite exhibited
almost the same room temperature resistivity and
similar PTCR characteristics upon three consecutive
thermal cycles. Addition of small amount of nano-
clay in the composites, that reduced the CTE of
SAN, shifted the PTCR trip temperature to higher
temperature region in the composites. The PTCR
trip of SAN/CB (10 wt %) composites appeared
much above the Tg of the matrix polymer (SAN).
This was due to higher volume expansion of SAN
after the Tg, as evident from the TMA analysis. We
proposed that the mechanism behind the PTCR
effect in SAN/SS composites was a result of CTE
mismatch between SAN and SS that could break-off
and separate the particle-particle micro-contacts of
filler in matrix polymer SAN. The CTE mismatch
disrupted the continuous network structure of the
conducting fillers even below the Tg of SAN. The
prepared polymeric PTCR composites (SAN/SS) can
be used as PTC materials for several cycles due to
its significantly high thermal and dimensional stabil-

ity with PTC trip temperature below the Tg of the
matrix polymer.
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Figure 9 TGA thermograms of pure SAN, and its compo-
sites with CB (10 wt %), SS (80 wt %) without and with 1
phr clay and SAN/SS (85 wt %) composites.
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