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ABSTRACT: Positive temperature coefficient of resistiv-
ity (PTCR) characteristics of (high density polyethylene)
HDPE-Cu composites has been investigated with reference
to the conventional HDPE-CB (carbon black) composites.
Plot of resistivity against temperature of HDPE-CB com-
posites showed a sudden rise in resistivity (PTC trip) at
127°C, close to the melting temperature of HDPE. How-
ever, the PTC trip temperature (98°C) for HDPE-Cu com-
posites was appeared well below the melting temperature
of HDPE. Addition of 1 phr nanoclay in the composites
resulted in an increase in PTC trip temperature of HDPE-
Cu composites, whereas no significant effect of nanoclay
on PTC trip temperature was evident in case of HDPE-

CB—clay composites. We proposed that the PTC trip tem-
perature in HDPE-Cu composites was governed by the
difference in coefficient of thermal expansion (CTE) of
HDPE and Cu. The room temperature resistivity and PTC
trip temperature of HDPE-Cu composites were very much
stable upon thermal cycling. DMA results showed higher
storage modulus of HDPE-Cu composites than the
HDPE-CB composites. Thermal stability of HDPE-Cu
composites was also improved compared to that of
HDPE-CB composites. © 2010 Wiley Periodicals, Inc. ] Appl
Polym Sci 118: 950-959, 2010
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INTRODUCTION

Positive temperature coefficient to resistivity (PTCR)
is an interesting phenomenon in the field of con-
ducting polymer composites consisting of an insulat-
ing polymer matrix and conducting fillers. At room
temperature the resistance of the material is very
low. In the case of an over current situation, resist-
ance rises within the positive temperature coefficient
(PTC) region. This additional resistance in the circuit
has the effect of reducing the overall current. Once
the over current situation has been removed, inter-
nal temperature the PTC material drops resulting
the resistance back to a low state.'”

Since the discovery of PTCR effect in (low density
polyethylene) LDPE—carbon black (CB) composite by
Frydman,' many people have investigated the PTCR
effect in different semicrystalline polymers filled
with CB.*'! However, a great disadvantage associ-
ated with a sharp negative temperature coefficient
(NTC) effect in CB filled semicrystalline polymer
composites limits their application in over-tempera-
ture protections.'? Crosslinking of the semicrystalline
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polymer matrix by peroxide, gamma radiation, or
electron beam has been reported to eliminate the
NTC effect.'>'* Chan et al.">'® have reported that
presence of very high molecular weight PE in
(UHMWPE-CB) and (UHMWPE-PP-CB) composites
could eliminate the NTC effect even though they
were not crosslinked. Feng and Chan'” observed a
double PTC effect in ethylene tetrafluoroethylene
(ETFE)-HDPE-CB composite due to the consecutive
melting of HDPE and ETFE. Zhang and Pan'®
reported that surface treatment of Sn-Pb alloy with
titanate agent improved the double PTC effect of
Sn-Pb-HDPE composite. Park et al.'® showed that
the thermal expansion of polymer matrix near the
crystalline melting temperature increased the resis-
tivity of different thermoplastic polymers (EVA,
LDPE, LLDPE and PP)-CB composites. Horibe
et al. > reported increase in room temperature re-
sistivity of HDPE-CB (55 wt %) composites with
increasing the crystallinity of HDPE, CB content and
decreasing CB particle size. They showed that
HDPE-tungsten (41 vol %) composites had a lower
room temperature resistivity and higher PTC inten-
sity than that of HDPE-CB. However, in both the
composites PTC trip was appeared only after the
melting of HDPE. Shen et al.>*** have reported that
the thermal volume expansion in HDPE-CB and PS-
CB composites was the key factors responsible for
increase in resistivity for the PTC effect. Zhou
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et al.** showed that in HDPE-CB composites the re-
sistance changes at lower temperatures and in melt-
ing state were mainly attributed to the deformation
of the polymer matrix, and elastic deformation of
the CB network, respectively. Lee et al.*®> reported
improvement in PTC intensity and repeatability of
HDPE-CB composite in presence of small amount of
multiwalled carbon nanotube (MWNT). Kalappa
et al.*® reported a significant volume expansion and
noticeable PTCR effect in polyaniline (PANI)-
MWNT-CB-HDPE hybrid nanocomposites near the
melting point of HDPE. Li et al.”’ have reported a
significant decrease in room temperature resistivity
and improvement of PTC intensity of HDPE-CB
composites in presence of graphite nanofibers.

In summary, literature on PTCR polymer compo-
sites reports that PTCR trip temperature is a function
of melting temperature of the matrix polymer, and
depends on polymer-filler combinations. Thus, the
loss in dimensional stability of polymer matrix near
the melting temperature is a major concern that leads
to the disadvantage of PTCR polymer composites.
Although, different theories have been proposed®?>
to explain the PTCR behavior, the actual principle by
which the polymeric PTCR composites provide over-
current circuit protection is less clear and required
further discussion. Different conducting fillers used
in polymeric PTCR composites include nonmetallic
(CB) and metallic powders such as, tin, gold, and sil-
ver.” Alternatively, ceramic powders, such as tung-
sten carbide,®! vanadium oxide, (VZO5),32’33 also have
been used in PTCR composites. However, these fillers
are expensive and thus needs to develop less expen-
sive polymeric PTCR composites. PTCR composites
show poor reproducibility of resistivity during a long
period of time or when undergoing thermal cycles.**
The objective of our work is to develop PTCR poly-
mer composites with PTC trip temperature well
below the melting temperature of polymer matrix.
Thus, we prepared HDPE-Copper (Cu) powder com-
posites by conventional melt processing method. The
reason behind choosing HDPE and Cu was that
HDPE has very high value of coefficient of thermal
expansion (CTE) than that of Cu. We found that, the
PTC trip temperature of HDPE-Cu composites
appeared well below the melting temperature of
HDPE. A plausible mechanism behind the PTCR
effect in HDPE-Cu composites has been proposed
with reference to the HDPE-CB composites. Here, we
focus on the details of our findings.

EXPERIMENTAL
Materials used

HDPE used in this study was of commercial grade
(M5018L) and procured from Haldia Petrochemicals,
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TABLE I
Compounding Formulations for HDPE-CB
and HDPE-Cu Composites
Carbon Copper Clay in
HDPE  black (CB), (g) powder (Cu), (g) polymer (phr)
90 10 0 0
90 10 0 1
70 0 30 0
70 0 30 1
60 0 40 0

Haldia, India. Commercial grade (Ketjenblack EC-
300J, average particle size: 30 nm) conducting carbon
black (CB) was supplied by Akzo Nobel Chemicals,
IL. The organoclay used in this study was Cloisite
20A (Southern Clay Product, TX). It is a montmoril-
lonite modified with dimethyl dihydrogenated tal-
low ammonium to increase the domain (d) spacing
of Na'-montmorillonite. The cation exchange
capacity of Cloisite 20A is 95 mequiv/100g. Here-
after, Cloisite 20A is referred to as the clay. High pu-
rity electrolytic copper (Cu) powder used in this
study was of electrical contact grade (average parti-
cle size of 75 um) and obtained from Sarda Indus-
trial Enterprises, Mumbai, India.

Preparation of the composites

Composites of HDPE with CB and copper powder
were prepared by conventional melt blending in an
internal mixture (Brabender Plasticorder) at 160°C,
with a rotor speed of 40 rpm for 15 min. The com-
pounding formulation for the composites is shown
in Table I. Prior to the melt mixing, all the ingre-
dients (HDPE, CB, clay, copper powder) were kept
in air oven at 80°C to avoid any moisture indiced
thermal degradation during mixing. All the ingre-
dients in the composites formulation were then dry
mixed and fed into the internal mixer at 160°C for
melt mixing. Finally, the composites were compres-
sion molded at 160°C into different shapes for fur-
ther characterizations.

CHARACTERIZATION
Measurement of PTCR characteristics

Compression molded impact bar samples were cryo-
genic fractured along the length at two ends. Hole
with diameter of 1.5 mm and depth of ~ 3 mm on
center 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 to 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
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was measured with a multimeter and temperature
was recorded across the sample with temperature
indicator. The ambient temperature was controlled
using the oven with an accuracy of =0.5°C. This
process of measuring PTC characteristics is referred
to as static measurement technique.

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
carried out. This process of measuring PTC charac-
teristics is referred to as dynamic measurement
technique.

TMA analysis

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

DSC study

The transition temperature (T,,) of HDPE and its
composites were determined with differential scan-
ning calorimetry (DSC-200 PC, NETZSCH) with a
heating rate of 10°C/min, under nitrogen atmos-
phere. The samples were heated from room temper-
ature to 175°C, and then cooled to room temperature
at a cooling rate of 10°C/min. The second heating
scans were taken for determination of melting tem-
perature of the sample.

SEM study

The scanning electron microscope (SEM, VEGA II
LSU, TESCAN, Czech Republic) was used to study
the morphology of the composites. The specimens
were carefully broken at liquid nitrogen atmosphere.
Then the fracture surface of the samples was coated
with a thin layer of gold to prevent charging. SEM
micrographs were taken at an operating voltage of
5 kv.
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Figure 1 Resistivity temperature curves of HDPE-CB (10
wt %) composites at three consecutive heating cycle.

DMA analysis

Dynamic modulus of the composites was measured
by a dynamic mechanical analyzer (DMA 2980
model). The dynamic temperature 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 dimension of the specimen
was 30 x 6.40 x 0.45 mm?>.

TGA analysis

The thermal stability (onset degradation temperature
and temperature corresponds to 50 wt % loss and
maximum wt loss) of the composites was investi-
gated 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 HDPE-CB (10 wt %) composites
at different heating cycles. As observed, room tem-
perature resistivity of the HDPE-CB composites did
not show any remarkable changes up to 125°C.
However, a sudden increase in resistivity of the
composite was prominent at ~ 128°C. For instance,
room temperature resistivity (13.0 ohm cm) of the
composites was increased to 44.8 ohm cm at 128°C.
This indicated that HDPE-CB composite showed the
PTC trip temperature at ~ 128°C which was close to
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Figure 2 Resistivity temperature curves of HDPE-Cu (30
wt %) composites at three consecutive heating cycle.

the melting temperature of HDPE (onset of melting
for HDPE starts at 129°C), consistent with the previ-
ous works.* The composites also showed a decrease
in resistivity (NTC effect) at temperature above
140°C. This observation led us to conclude that the
PTC trip temperature of the composites was gov-
erned by the melting of HDPE. At the melting tem-
perature of HDPE, the disruption of continuous net-
work structure of CB particles resulted in an
increase in resistivity that made the composites insu-
lating in nature. Again, room temperature resistivity
of HDPE-CB composites was not stable upon ther-
mal cycling, and kept on decreasing with the cycle
time. However, the PTC trip of the composites did
not change with cycling, indicating the trip tempera-
ture governed by the T,, of HDPE.

Interestingly, the PTCR characteristic of the HDPE
composites filled with Cu powder showed the shift-
ing of PTC trip to lower temperature region. Figure
2 represents the change in resistivity of HDPE-Cu
powder (30 wt %) composites with temperature. As
observed, the room temperature resistivity (31.7 ohm
cm) of HDPE-Cu powder composites was higher
than that of HDPE-CB composites. However, in con-
trast to HDPE-CB system, the Cu powder filled
composites showed a significant increase in resistiv-
ity (~ 40.3 ohm cm) at a lower temperature of
~ 98°C. Thus the PTCR trip temperature of HDPE-
Cu powder composites was well below the trip tem-
perature of HDPE-CB composites, and melting tem-
perature of HDPE. This indicated that the PTCR
phenomena in HDPE-Cu powder composites was
not in agreement with the mechanism of crystalline
PTCR effect in semicrystalline polymers composites
with CB that showed the PTC trip temperature near
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the melting point of the matrix polymer (HDPE-CB
system as shown in Fig. 1). Thus, the PTC trip tem-
perature (~ 98°C) for HDPE-Cu powder system
indicated that the mechanism behind the PTC trip
temperatures of the composites was different, when
compared to the PTCR mechanism of HDPE-CB
composite system. Again, room temperature resistiv-
ity of HDPE-Cu composites did not show any re-
markable change with thermal cycling. As the trip
temperature of the composites was well below the
T,, of HDPE, Cu particles could not move in the
solid HDPE matrix at trip temperature. Thus, forma-
tion of same continuous network of Cu particles
might be possible after cooling the composites to
room temperature.

To explain the observed PTCR trip temperatures
in HDPE-Cu composites, we considered the CTE
values of HDPE and Cu powder. It is well known
that the CTE value of polymer (except heat shrink-
able polymers) is higher than metallic and ceramic
particles. The CTE of HDPE (~ 200 ppm/°C) is
remarkablgl higher than that of the Cu powder (17
ppm/°C). ® Thus, in electrically conducting HDPE-
Cu (30 wt %) composite, the Cu particles formed a
continuous network structure in HDPE matrix. As
the metal filler (Cu) had lower CTE value, when
compared to the matrix polymer (HDPE), with
increasing temperature the difference between the
CTE values of filler and polymer at certain tempera-
ture resulted in a disconnection (local phenomena)
of filler—filler particles in the network structure. This
disruption in filler—filler particle contact led to a
sudden rise in electrical resistivity. Thus, considering
the filler-polymer CTE mismatch effect, a plausible
mechanistic pathway behind the PTCR phenomena
for HDPE-Cu system at a particular temperature
(PTC trip temperature) when volume expansion of
HDPE is enough to disconnect the fillerfiller par-
ticles has been illustrated in Figure 3.

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 HDPE-Cu
powder composites having relatively lower CTE of
the HDPsSE matrix. To check this possibility we

Tripping
-«
Resetting

a. Room Temperature
b. Continuous network
¢. Low resistance

a'. High Temperature

b'. Discontinuous network
¢'. High resistance

e Copper particle

Figure 3 Schematic representation for the PTCR effect in
HDPE-Cu composites. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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Figure 4 TMA plots showing the change in volume with
temperature for HDPE and HDPE-clay (1 phr)
nanocomposites.

studied the PTCR characteristics of (HDPE—clay)-Cu
powder (30 wt %) composites. Addition of nanoclay
is known to decrease the CTE of polymers in the
nanocomposites.”” Figure 4 represents the TMA
plots of pure HDPE and its composites with 1 phr
clay. As observed at certain temperature the CTE
value of pure HDPE was considerably higher than
that of HDPE-clay (1 phr) nanocomposites. This
indicates that for similar volume expansion the
nanocomposites will require relatively higher tem-
perature than that of the neat polymer. The high
CTE value of polymers is caused by the low energy
barrier for the chain conformation to be changed.
The decrease in CTE value of the polymer in interca-
lated /exfoliated polymer—clay nanocomposites is
due to the confinement of polymer chains inside the
clay galleries. In our previous work, we have shown
that HDPE intercalates into the clay silicate layers.”®
We assume that, the high aspect ratio, stiff clay pla-
telets act as barriers for the thermal diffusion pro-
cess. Thus, the volumetric or linear thermal expan-
sion coefficient of the polymer is reduced in the
nanocomposites. We also checked the melting
behavior of pure HDPE and that in the composites.
Figure 5 represents the DSC heating scans of pure
HDPE, HDPE-CB, and HDPE-Cu composites with 1
phr nanoclay. The DSC thermograms indicated that
the temperature corresponding to the crystalline
melting peak (T,,) of HDPE remain unaffected in
both the composites.

Figure 6 shows the variation of resistivity with
temperature for the HDPE-CB and HDPE-Cu pow-
der (30 wt %) composites with and without clay (1
phr). As observed, addition of nanoclay had a mar-
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Figure 5 DSC thermograms of pure HDPE, HDPE-CB-
clay, and HDPE-Cu-clay composites. The amount of clay
in all the composites were 1 phr with respect to HDPE.

ginal effect on the room temperature resistivity of
the composites. For instance, composites of HDPE-
CB with 1 phr of clay showed relatively lower room
temperature resistivity (~ 11.3 ohm cm) compared
to that without any clay (13.0 ohm cm). This might
be due to better dispersion of CB particles in HDPE
matrix in presence of clay. The increase in melt vis-
cosity of HDPE in presence of clay helped to break
down the CB clusters during melt blending, and pre-
vented the agglomeration of CB particles leading to
better dispersion. However, we did not observe any
significant change in the PTCR characteristics of the
HDPE-CB composites with and without 1 phr clay.

—O— HDPE-CB (10 wt%)
—&— HDPE-CB (10 wt%)/1 phr clay
—A— HDPE-Cu (30 wt%)
—&— HDPE-Cu (30 wt%)/1 phr clay
—O— HDPE-Cu (40wt%)

............

Log Resistivity (ohm.cm)

10 4
B RAaa s L s L L L L L b s
0 30 40 50 60 70 80 90 100 10 120 130 140 150

Temperature ("C)

Figure 6 Resistivity temperature curves of HDPE-CB and
HDPE-Cu composites without and with clay.
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Figure 7 SEM images of the (a) HDPE-CB, (b) HDPE-CB-Clay, and (c) HDPE-Cu composites.

The PTCR trip of the HDPE-CB nanocomposites
was appeared at ~ 128°C, similar to that of HDPE-
CB composites system.

However, the PTCR trip temperature (~ 98°C) of
the HDPE-Cu powder composites was shifted to
~ 105°C when the composites was formulated with
1 phr of clay (Fig. 6). It is interesting to note that the
PTC trip temperatures of the HDPE-Cu powder
composites with and without clay (1 phr) were very
similar to the temperatures correspond to the same
CTE values of HDPE and its nanocomposites with
1 phr of clay (Fig. 4). For instance, the extent of
expansion of pure HDPE at ~ 95°C was comparable
to that with HDPE—clay (1 phr) nanocomposites at
~ 107°C. This led us to conclude that the mismatch
in CTE values of HDPE and Cu particles at ~ 98
and ~ 105°C were enough to break the continuous
network structure of Cu particles in HDPE-Cu com-
posites without and with 1 phr of clay, respectively.

We also investigated the PTCR characteristic of
the HDPE-Cu composites with relatively higher
loading level (40 wt %) of Cu powder (Fig. 6). The
resistivity (27.6 ohm cm) of the composites was
decreased when compared to that loaded with 30 wt
% of Cu powder. This was due to the formation of
more continuous network structure (Cu—Cu contact
points) of Cu powders at higher loading that
reduced the contact resistance. However, the PTCR
trip temperature of the HDPE-Cu (40 wt %) compo-
sites was increased to ~ 112°C, which was much
higher than that of HDPE-Cu (30 wt %) composites.
The shifting of PTC trip temperature to higher tem-
perature region at higher amount of Cu powder
loading can be explained by considering the
increased number of Cu-Cu contact points. Thus,
the difference in CTE of HDPE and Cu powder at
higher temperature (~ 112°C) could disrupt the con-
tinuous structure of the conducting pathways. These
observations indicated that the difference in CTE
between HDPE and Cu played an important role

that governed the PTC trip temperature in HDPE-
Cu composites.

Morphology study

One can comment on why HDPE-CB composites
under investigation did not show the PTCR trip in
the temperature region similar to that with HDPE-
Cu composites. To clarify this, we consider the parti-
cle sizes of CB and Cu powder under investigation
and their extent of dispersion in HDPE matrix. The
average particle size (D) of CB used in this study
was ~ 30 nm, which was significantly smaller than
the particle size of Cu powder (~ 75 pm). Thus,
even at 10 wt % CB loading, the number of CB par-
ticles and branching on the continuous network
structure in HDPE-CB composites were expected to
be considerably higher than that in HDPE-Cu (30 wt
%) composites.

Figure 7 represents the SEM images of the HDPE-
CB, HDPE-CB—Clay, and HDPE-Cu composites. As
observed, CB particles were dispersed mostly as
agglomerates with poor distribution in HDPE matrix
[Fig. 7(a)]. It is clear from the SEM image [Fig. 7(b)]
that the extent of CB distribution was better in pres-
ence of clay than that without any clay. CB particles
were more uniformly dispersed in the matrix with
minor cluster formation. This led to the formation of
more CB-CB contact points in HDPE matrix and
hence reduced the resistivity of HDPE-CB compo-
sites. In contrast to HDPE-CB composites, distribu-
tion of Cu particles was not uniform in HDPE-Cu
composites [Fig. 7(c)]. This indicated the formation
of considerably less branching in the continuous net-
work structure of Cu particles, when compared to
that in HDPE-CB composites. We proposed that the
difference in CTE between HDPE and CB at a tem-
perature below the T,, of HDPE was not enough to
bring separation in the continuous network of CB
particles in HDPE matrix. Thus, PTC trip of HDPE-
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Figure 8 Current -Voltage (I-V) Characteristics of HDPE-
Cu (30 wt %) composites under (a) AC Voltage and (b)
DC voltage applications.

CB composites was appeared in the temperature
region (T, of HDPE) correspond to the maximum
volume expansion of HDPE.

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

Figure 8 presents the current-voltage dependence for
HDPE-Cu composites at 30 wt % Cu powder load-
ing. It is clearly seen that at a high Cu loading of
30 wt % the conduction obey an Ohmic law. At
room temperature, both under AC and DC applied
voltages, the initial current (I) flow in the composites
was increased with increasing the applied voltage.
We also investigated the rise in maximum tempera-
ture in the composites at different AC and DC volt-
age applications. As observed, a maximum tempera-
ture of ~ 97°C could be developed in the composites
when the applied voltage (AC or DC) was increased
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to ~ 80 volt. However, no further increase in tem-
perature of the composites above this applied volt-
age clearly indicated that maximum temperature
developed as a result of current flow was limited to
the PTC trip temperature (~ 98°C) of the compo-
sites. This was due to sudden increase in resistance
near PTC trip temperature that decreased the cur-
rent flow in the composites.

The thermo-electric behavior of HDPE-Cu compo-
sites with time under 40 and 80 volt applications are
shown in Figures 9 and 10, respectively. It is inter-
esting to note that, the temperature of the compo-
sites was increased to a maximum of 53 and 55°C
under 40V AC and DC applications [Fig. 9(a,b)],
respectively. At 40 V application (AC and DC), I of
the composites remain constant with time. This ob-
servation was also supported by the temperature re-
sistivity measurement (Fig. 2) that indicated the
room temperature resistivity of the composites
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Figure 10 Temperature Current (I) plots of HDPE-Cu (30
wt %) composites under 80 V application: (a) AC voltage
and (b) DC voltage.

remain constant at ~ 55°C. However, both under
AC and DC applications, a sharp decrease in I was
evident after 225 s when the applied voltage was
increased to 80 V [Fig. 10(a,b)]. As observed, after
225 s under 80 V AC and DC application, the com-
posites could attain 98°C and 96°C, respectively,
which were close to the PTC trip temperature. 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.

Mechanical properties

Figure 11 represents the DMA plots of pure HDPE
and its composites with CB and Cu powder. As
observed, the storage modulus of HDPE was
increased in both the composites throughout the
entire temperature (25-125°C) scan. However, the
improvement in storage modulus of HDPE was
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more prominent in HDPE-Cu composites, compared
to the HDPE-CB composites. This may be due to
higher loading of Cu powder in HDPE-Cu compo-
sites. It's noteworthy, the storage modulus of the
composites at their respective PTCR trip tempera-
tures revealed that HDPE-Cu composites had three
times higher storage modulus than that of HDPE-
CB composites. This observation clearly indicated
that HDPE-Cu composites had remarkably high
dimensional stability than the HDPE-CB composites
at their PTCR trip temperatures.

Addition of small amount of nanoclay (1 phr) in
HDPE-Cu composites led to further increase in stor-
age modulus of the composites. The higher storage
modulus of the composites in presence of clay is
due to the reinforcing effect imparted by high aspect
ratio clay platelets that allowed a greater degree of
stress transfer at the interface. Again, restricted seg-
mental motion of the intercalated polymer chains
inside the clay galleries may be the possible cause
for a phenomenal increase in the storage modulus.”

Thermo gravimetric analysis (TGA)

Figure 12 represents the TGA plot of pure HDPE,
HDPE-CB, and HDPE-Cu composites without and
with 1 phr clay. TGA analysis revealed that addition
of CB and Cu powder increased the thermal stability
of HDPE in the composites. This increase in thermal
stability may arise from the interaction between the
polymer chains and the fillers surfaces. It's also
noteworthy that the increase in thermal stability was
more in case of HDPE-Cu composites, when com-
pared to that of HDPE-CB composites. The tempera-
tures correspond to the initial degradation (T;), 50%
degradation (Tsp), and maximum degradation (Tpmax)

16000 3 O HDPE
—#— HDPE-CB (10 wt%)
14000 3 —0O— HDPE-Cu (30 wi%)
= —&— HDPE-Cu (30 wt%)-clay (1phr)
& 120004
\E_r é r‘w‘_.r-_,___
w
= 10000 3
= 9
= 3
=) E
= 80003
)
£ 60003
&
4000 3 Q
2000 3 \LQ"N
e e

T AR 1
20 30 40 50 60 70 80 90 100 110 120 130
Temperature ( C)

Figure 11 Storage modulus of pure HDPE, and its com-
posites with CB (10 wt %) and Cu (30 wt %) powder,
without and with clay.
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Figure 12 TGA thermograms of pure HDPE, HDPE-CB
(10 wt %), and HDPE-Cu (30 wt %) composites without
and with clay.

of the composites were calculated and shown in
Table II. The initial degradation temperature (T7) of
pure HDPE remained almost unaffected in HDPE-
CB composites. However, significant increase in T,
was observed in HDPE-Cu composites. The temper-
atures corresponds to 50% weight loss (T5p) and
maximum weight loss (T'max) of pure HDPE were
shifted to higher temperature region in both the
composites, with more significant increase in case of
HDPE-Cu composites. Furthermore, addition of clay
(1 phr) significantly increased the thermal stability
of HDPE-Cu composites, when compared to that
without any clay. The improvement in thermal sta-
bility of HDPE-Cu composite in presence of nano-
clay is mainly due to the intercalation of HDPE into
the clay galleries, which act as a barrier for thermal
degradation. Nanoclay also acts as a superior insula-
tor and mass transport barrier to the volatile prod-
ucts generated during decomposition which enhance
thermal stability.”” The high thermal stability of the
HDPE-Cu composites, without or with clay, indi-
cates that the composites can be efficiently used as
PTCR material without any thermal degradation on
cycling.

TABLE II
TGA Results of Pure HDPE, HDPE-CB, and HDPE-Cu
Composites With and Without Clay

Sample details T, (°Q) Tso (°C) Tmax (°C)
HDPE 283 429 472
HDPE-CB (10 wt %) 281 471 503
HDPE—-Cu (30 wt %) 348 498 504
HDPE-Cu 359 514 525

(30 wt %)—clay (1 phr)

Journal of Applied Polymer Science DOI 10.1002/app
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CONCLUSIONS

In this study, we have shown the PTCR effect in
conducting filler (Cu) filled HDPE composites. The
PTCR trip temperature of HDPE-Cu (30 wt %) com-
posites was observed well below the crystalline
melting temperature (T,,) of matrix polymer. After
thermal cycle, the composite exhibited almost the
same room temperature resistivity and quite similar
PTCR characteristics. Addition of small amount of
nanoclay in the composites, that reduced the CTE of
HDPE, shifted the PTCR trip temperature to higher
temperature region. The same effect of nanoclay to
PTCR trip temperature was not evident in HDPE-
CB composites where tripping occurred near the T,
of HDPE. Thus, we proposed that the observed
PTCR trip temperature in HDPE-Cu composites was
a result of CTE mismatch between HDPE and Cu
that could disrupt the continuous network structure
of Cu particles in the composites well below the T,
of HDPE. The mechanical properties and thermal
stability of the HDPE-Cu composites were also sig-
nificantly higher than that of HDPE-CB composites.
This result indicated that the HDPE-Cu composites
could maintain their thermo sensitive and dimen-
sional stability for a long time in a thermal environ-
ment in which the temperature was lower than melt-
ing temperature of HDPE.
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