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Abstract

Carbon black (CB) filled electrically conductive in situ microfibrillar poly(ethylene terephthalate) (PET)/polyethylene (PE) composites
(FCMC) with CB particles selectively localizing at the surfaces of PET microfibrils were successfully prepared through a slit die extrusion—
hot stretch—quenching process. Resistivity—temperature behaviors of the FCMC samples were studied systematically during heating—cooling
runs (HCR) with different top test temperatures. When the top test temperature was set as 140 °C, the resistivity abnormally increased during
cooling below 100 °C, showing the cooling-induced resistivity increase. The room-temperature resistivity after one heating—cooling run was 4
orders of magnitude higher than that of the original samples. Thermal residual stresses developed in the interfaces between PET microfibrils and
PE matrix were responsible for the cooling-induced resistivity increase, which led to the damage of the conductive network. The top test
temperature dominated the cooling-induced resistivity increase of FCMC. There was a critical temperature, 150 °C, above which the cool-

ing-induced resistivity increase disappeared. A model was proposed to illustrate this cooling-induced resistivity increase.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The positive temperature coefficient (PTC) effect and neg-
ative temperature coefficient (NTC) effect are the typical resis-
tivity—temperature behaviors of carbon category materials
(e.g., carbon black (CB) [1—9], carbon nanotubes [10—12])
filled conductive polymer composites (CPC), which are very
often investigated because they are the basis of popular appli-
cations such as overcurrent, overtemperature protection de-
vices, self-regulating heaters, etc. [13—16]. PTC and NTC
are the sharp increase and the succeeding gradual decrease
of the resistivity of CPC around the melting point of the matrix
polymer, respectively. Up to now, to explain PTC mechanism,
several theories have been proposed by Meyer [1,17], Ohe
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[18], and Voet [19], of which the thermal expansion theory
is the universal viewpoint. For the NTC effect, it has been sug-
gested that it is caused by the formation of a flocculated struc-
ture when the viscosity of the polymer is sufficiently low at
elevated temperatures [20]. Nevertheless, the mechanisms
about the resistivity—temperature behaviors are still incom-
plete [20,21]. One major reason is that too many parameters
can affect PTC and NTC effects in very complex manners,
including the features of the polymers, such as chemical struc-
ture, crystallinity; the properties of conductive fillers, such as
the size of particles, aggregate shape; and the test conditions
of PTC and NTC effects. Luo et al. found that crystallization
process and crystallinity of the polymer matrix as well as its
morphology have marked effects on PTC characteristics of
a polyethylene (PE)/CB composite, and concluded that anneal-
ing is a good means of improving PTC intensity of the PE/CB
composite [22]. Yi et al. considered that the mechanism for the
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PTC anomaly in semi-crystalline polymer composites is gen-
erally attributed to the relatively large change in specific vol-
ume of the polymer at its melting point [19,23]. Chan et al.
studied the influence of the CB particle size on double PTC
effects of CB/polypropylene (PP)/ultra-high molecular weight
polyethylene (UHMWPE) composites [6], and suggested that
a balance between the PTC intensity and the room-tempera-
ture resistivity can be achieved by using a mixture of large
and small CB particles. Hirano et al. investigated the effect
of heating rate on PTC behavior of SnO,(Sb)-coated TiO,/
expoxy conductive thin films, and found that the larger heating
rate can create a higher PTC intensity than the slower one [21].

The distribution of CB particles in the matrix also affects
the PTC and NTC effects strongly. Narkis et al. found the dis-
tribution of CB on the interfaces of poly(4-methyl pentene-1)
(TPX)/crosslinked ultra-high molecular weight polyethylene
(XL-UHMWPE)/CB composites leads to a double PTC behav-
iors. The first PTC is attributed to the thermal expansion due to
melting of the XL-UHMWPE phase, and the second PTC is
related to the melting of the TPX matrix, affecting CB distri-
bution in the blend [3]. Chan et al. observed that the CB/high
density polyethylene (HDPE)/tetrafluoroethylene—ethylene
(ETFE) composites also show a double PTC effect, and they
supposed that the NTC effect in this system could not have
been caused by the formation of flocculated structures, be-
cause the CB particles were selectively distributed in HDPE
phases and the size of these phases was significantly large
so that their mobility was extremely limited even at high tem-
peratures [20].

However, to our knowledge, the majority of the works
about resistivity—temperature behaviors of CPC are performed
during heating process, such as the PTC and NTC effects men-
tioned above, the resistivity—temperature behavior during
cooling process is almost neglected in the available literature
[24]. Factually, the resistivity—temperature behavior in the
cooling process is closely related to the behavior in the heating
run, and vice versa. This deficiency may be one of the reasons
that the mechanisms about the PTC and NTC effects have not
been well established so far.

It is well known that a desired PTC performance requires
a low room-temperature resistivity, a high PTC intensity,
a low NTC intensity, a high electrical reproducibility, and
a high PTC transition temperature, together with low conduc-
tive filler content [25]. During cooling, in one hand, the con-
ductive network, which is generally regenerated during
heating, will be destroyed partially because of the crystalliza-
tion of the matrix from the melt [24], whereafter, with the
shrinkage of composites and the increased concentration of
conductive fillers in amorphous areas by the exclusion of poly-
mer crystallites, the destroyed conductive network will be
reconstructed and then leads to a decrease in resistivity. Until
the temperature reaches the room temperature, then another
room-temperature resistivity was obtained, and this resistivity
is the initial point for next test or next application [24,26].
Therefore, the process will finally affect the room-temperature
resistivity and the reproducibility of the CPC. On the other
hand, the cooling process is related to the crystallization of

the matrix polymer. The CPC with a high crystallinity matrix
exhibits larger thermal expansion around the melting temper-
ature than the CPC with a low one [23]. Larger thermal expan-
sion shows a higher PTC intensity due to severe damage of the
conductive network during heating. It is known that thermal
treatment history affects the crystallinity of a semi-crystalline
polymer. In the resistivity—temperature behavior tests, it
affects the PTC effect further. Based on this, if several hea-
ting—cooling runs are performed, the thermal history will
influence the crystallinity. The crystallization of the matrix
polymer takes place during the cooling process, thus influenc-
ing the PTC intensity and the reproducibility. Therefore, the
studies on the resistivity—temperature behaviors during the
cooling process are of high importance.

In our previous work [4,27—29], the concept of in situ mi-
crofibrillar blend has been utilized to fabricate a new con-
ductive polymer composite with a conductive microfibrillar
network in which the CB particles are predominately localized
in poly(ethylene terephthalate) (PET), the PE was used as
matrix. The CPC with such architecture shows a low percola-
tion threshold (5.0 vol%) and strong PTC effect. Anomalously,
the PTC intensity of the CPC decreases gradually with the in-
creasing time of isothermal treatment above the melting point
of the polymer matrix [4]. The inhomogeneous surface micro-
structure and the large size of the microfibrils are the key fac-
tors controlling this PTC attenuation. Based on these results,
another electrically conductive in situ microfibrillar composite
with a selective CB distribution has been prepared, in which
the CB particles assume a gradient distribution in the outer
layer of the in situ PET microfibrils. Due to the more perfect
conductive network, a low percolation threshold of 3.8 vol%
has been achieved [30].

The present work studied the resistivity—temperature be-
haviors of the CB filled electrically conductive in situ micro-
fibrillar PET/PE composites (FCMC) with CB particles
selectively localizing at the surfaces of PET microfibrils.
The PTC and NTC effects of the FCMC were measured during
heating—cooling runs (HCR) with different top test tempera-
tures. The resistivity—temperature behavior during cooling
was particularly concerned.

2. Experimental
2.1. Materials

The main materials used in this work include electrically
conductive CB, high density PE and PET. The CB, model
VXC-605, from Cabot Co. Ltd., with a dibutyl phthalate
(DBP) absorption value of 148 £ 15 cm’/100 g, was dried at
120 °C for 10 h to get rid of the water before use. PE (model
50008) is a commercial high density PE of DaQing Petroleum
Chemical Co., Daqing, China, and its melt flow rate is
0.9 g/10 min at 190 °C, exerting a load of 21.6 N. PET was
friendly donated by LuoYang Petroleum Chemical Co.,
LuoYang, China, which is a commercial grade of textile poly-
ester with a number average molecular weight of ca.
2.3 x 10* g/mol.
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2.2. Preparation of CB filled electrically conductive in
situ microfibrillar PET/PE composites

PET was dried in a vacuum oven at 100 °C for at least 12 h
prior to processing. The FCMC was obtained with the follow-
ing three steps. First, PE was fed into an internal mixer and
held for 5 min at 180 °C, and then CB particles were added
and melt was mixed at the same temperature for 5 min. The
CB/PE masterbatch was granulated and drily mixed with PET
chips. Secondly, the mixture obtained was extruded through
a slit die in a single-screw extruder. The temperature profile
was 190 °C, 250 °C, 275 °C and 270 °C, from the hopper to
the exit, respectively. The extrudate was hot stretched at
a line speed of ca. 1.1 m/min by a take-up device with two
pinching rolls to form the microfibrils [27—30]. After hot
stretching, the extrudate was immediately quenched in
a cold water (20 °C) bath to preserve the microfibrils in the
composite. The ribbon with a thickness of about 0.2 mm
was thus obtained. Subsequently, the ribbon was pelletized,
and then compression molded into 10 x 10 x 2 mm® board
at 150 °C (the processing temperature of PE) for 10 min
with a pressure of ca. 10 MPa. All these sheets were cooled
to room temperature by cold compression molding for
5 min. Due to the high melting point of PET (about 257 °C
[4]), the in situ PET microfibrils can be successfully reserved
in the composite during molding.

2.3. Morphological observation

The specimens were frozen in liquid nitrogen for 1 h, then
quickly impact fractured. The fracture surfaces were covered
with a layer of gold to make them conductive, and then ob-
served with a JEOL JSM-5900LV scanning electron micro-
scope (SEM). In order to clearly examine the morphology of
the dispersed phase, some specimens were immersed in hot
xylene at about 125 °C for 15 h to dissolve the PE matrix
away.

2.4. Electrical properties and resistivity—temperature
behaviors test

Before the electrical properties and resistivity—temperature
behaviors test, all the samples were annealed for 8 h at 80 °C
to remove the effect of internal stress developed during the
processing history (mainly the compression molding). When
the volume resistivity of samples is below 10° Q cm, the vol-
ume electrical resistivity was measured by a four-probe
method (ASTM D-991) using two multimeters and a voltage
supply. The four-probe method can effectively avoid the con-
tact resistance which affects the precision of the measurement.
When the volume resistivity is relatively low, this method has
adequate preciseness. A high resistivity meter was used when
the volume resistivity of the samples is beyond 10° Q cm. The
sample dimensions for low and high resistivity measurements
were 2 x 10 x 100 mm? and 2 x 100 x 100 mm?, respectively.

In resistivity—temperature test, the sample (2 x 10 X
100 mm® ), which was immersed in silicone oil of

a temperature-controlled apparatus to avoid oxidation, was
heated from room temperature to different top test temperatures
(140 °C, 150 °C, 180 °C) at 2 °C/min and held at this tempera-
ture for a predetermined time (3 min), then cooled to 25 °C at the
same rate. The data were recorded by a computer. For the sake of
exploring the influence of the thermal treatment, some samples
were annealed at 140 °C or 180 °C for several hours (1 h and
10 h), and then the heating—cooling test was also applied as
above. Several samples were measured at 0.5 °C/min in the
cooling process to examine the effect of cooling rate on the
resistivity—temperature behavior.

In practice, the sample can hold its initial shape during the
resistivity—temperature test because the PET microfibrils form
a network in the composite, and remain solid all the time, even
at 180 °C, which is still far below the melting point of PET
(about 257 °C).

2.5. Thermal property test

Thermal analyses were carried out by a Netzsch DSC 204
differential scanning calorimeter. The samples were heated
to 140 °C at 2 °C/min, kept for 3 min, and then cooled at
2°C/min to room temperature, a heating—cooling journey
similar with resistivity—temperature tests. The heat capacity
versus temperature was recorded for each scan.

For the sake of brevity, in the resistivity—temperature tests,
the heating—cooling run of the top test temperature 140 °C,
150 °C and 180 °C are referred to HCR140, HCR150 and
HCRI180, respectively.

3. Results
3.1. Morphology and electrically conductive properties

In order to thoroughly understand the resistivity—tempera-
ture behaviors of FCMC, it is necessary to resurvey the typical
morphology and the percolation behavior of the microfibrillar
composites, as shown in Figs. 1—3.

Fig. 1(a) indicates that the well-defined PET microfibrils
were generated in situ in the composite (3.5 vol% CB). The
microfibrils’ diameter is about 1—5 pum, while their length is
hard to estimate due to the limited observed region.
Fig. 1(b) shows the typical morphology of FCMC fractured
perpendicular to the stretch direction. Numerous CB particles
accumulated in the surfaces of the PET microfibrils. In con-
trast, there are nearly no CB particles in the center of the
PET microfibrils. This unique structure is in favor of the trans-
fer of electrons between neighboring microfibrils, and thus the
conductivity will undoubtedly be enhanced. Fig. 2(a) shows
the morphology of the specimens with a higher CB concentra-
tion of 4.93 vol%, in which fine microfibrils can also be
observed obviously. Fig. 2(b) displays the morphology of
FCMC fractured perpendicular to the stretch direction. Be-
sides the regions around the microfibrils, CB particles, basi-
cally in the form of aggregates, appear in the matrix. It
indicates that when the surface of the microfibrils was com-
pletely covered with CB particles, the CB particles encountered
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Fig. 1. SEM micrographs of the CB filled electrically conductive in situ micro-
fibrillar PET/PE composite with selectively locating CB in the surfaces of the
PET microfibrils. In (a), the PE matrix was etched away by hot xylene for clear
observation; (b) is The SEM micrograph of the cryofractured surface. The
volume ratio of PET and PE is 1:3.2, and the CB loading is 3.5 vol%.

hindrance in migration to PET phase, and some of them have to
stay in the matrix. These CB particles were almost in the form of
aggregates. Nevertheless, the CB aggregates in the matrix can
also help to build electrical networks together with the CB
coated microfibrils. Detailed description about the morphology
development and the construction of the conductive network of
FCMC has been reported elsewhere [30].

Fig. 3 displays the correlation between the volume resistiv-
ity and CB loading for FCMC. The percolation threshold is es-
timated from Fig. 3, which is as low as ca. 3.8 vol%. At the CB
percolation level, the resistivity of the microfibrillar composite
is decreased by about 12 orders of magnitude. In the present
work, the FCMC with 4.93 vol% CB was used to study the
resistivity—temperature behaviors. This CB content is just
beyond the percolation threshold, the conductive network con-
structed by CB particles coated PET microfibrils is just formed
and thus sensitive to the temperature field [31].

3.2. Thermal properties

The thermal expansion of CPC, which has been demonstrated
to be able to destroy the conductive network of the CPC in the
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Fig. 2. SEM micrographs of the CB filled electrically conductive in situ mi-
crofibrillar PET/PE composite with selectively locating CB in the surfaces of
the PET microfibrils. In (a), the PE matrix was etched away by hot xylene
for clear observation; (b) is The SEM micrograph of the cryofractured
surface. The volume ratio of PET and PE is 1:3.2, and the CB loading is
4.9 vol%.
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Fig. 4. DSC curves of the CB filled electrically conductive in situ microfibrillar PET/PE composite with 4.93 vol% CB (a) and the common CB/PE composite with
8.68 vol% CB (b) in the heating and cooling processes, respectively; (c) and (d) are the traces of melting and cooling behaviors of CB filled electrically conductive
in situ microfibrillar PET/PE composite from 35 °C to 140 °C, 150 °C and 180 °C, respectively. The heating and cooling rates are both 2 °C/min.

heating process, is the universal theory to elucidate the PTC ef-
fect, because the sharp increase of the volume expansion and the
PTC effect always simultaneously occur around the melting
temperature of the semi-crystalline polymer matrix. In the pres-
ent work, the temperature range of resistivity—temperature test
exceeds the melting temperature of PE, but far below the melting
point of PET (257 °C). During test, PE undergoes melting/crys-
tallization transition leading to a large thermal expansion/con-
traction, but PET has only common linear expansion/
contraction. Although cold crystallization of PET is common
in many cases, in our experiment, after the manufacturing
processes, especially after 8 h isothermal treatment, the cold
crystallization of PET is not obvious. Actually, the cold crystal-
lization peak of PET is indeed not observed in the DSC curves
(see Fig. 4). Hence, the thermal behavior of PE matrix is a key
element affecting the resistivity—temperature behaviors. Ac-
cordingly, the thermal analyses of the FCMC and CB/PE

composites was conducted by DSC from 25 °C to 140 °C at
2 °C/min to match the resistivity—temperature test of HCR140.

Fig. 4(a) shows the DSC scans of the FCMC for two hea-
ting—cooling runs. In the first run, the melting point of PE ma-
trix appears at 129.25 °C, and the maximum crystallization
temperature is 119.60 °C. In the second run, the melting point
rises to 131.73 °C from 129.25 °C, because PE has formed
more perfect crystals after the thermal treatment in the first
run. The maximum crystallization temperature of PE is nearly
the same for two runs (ca. 119.63 °C). The DSC curves of the
CB/PE composite (Fig. 4(b)) are similar to those of the
FCMC, but the melting point of PE is a little higher than
that of PE in the FCMC. DSC traces of the melting and cool-
ing behaviors of FCMC up to 140 °C, 150 °C and 180 °C are
shown in Fig. 4(c) and (d). Detailed information of DSC traces
up to different top test temperatures is listed in Table 1 (melt-
ing enthalpy of polyethylene crystal with 100% crystallinity
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Table 1
Detailed information of DSC traces up to different top test temperatures:
140 °C, 150 °C and 180 °C

Tp CC) Teonser CC) T (°C) AH. (J/g) Ty (°C) Tiena (°C) Xe (%)
140 121.0 119.3 134.4 129.2 130.8 48.6
150 121.1 119.4 132.9 129.2 130.8 49.3
180 120.9 119.2 137.4 129.0 130.7 50.2

T,, the top test temperature; Te_onser, ONset temperature on DSC exotherm; 7., max-
imum crystallization temperature; AH,, enthalpy of crystallization; T,,,, melting
temperature; Ty, eng, the end of the melting temperature; X, the crystallinity.

was set as 293 J/g in this study [32]). Apparently, the shapes and
the peak values of these curves appear to be almost the same.

3.3. Resistivity—temperature behaviors

In most studies on the resistivity—temperature behaviors of PE
based CPC, surprisingly, the top test temperature is always fixed at
only one temperature, and it is much higher than the melting point
of PE (always about 130 °C) [3,31,33]. In fact, different top test
temperatures give rise to different thermal treatment histories,
consequently, leading to various conductive networks which
undoubtedly affect the overall resistivity—temperature behaviors.

If the top test temperature is fixed at a temperature near the
melting point of the matrix, e.g., 140 °C, the CPC has a very
high viscosity throughout the measurement, which can restrict
the thermal motion of the conductive components. In this case,
what happens for the resistivity—temperature behavior of
CPC? This has not been concerned in the available literature.
For the applications of CPC, taking overcurrent as an example,
the composite has an absolute possibility to experience such
a temperature just above the melting point. In the present
work, the resistivity—temperature behaviors are first studied
using the top test temperature of 140 °C, i.e., HCR140.

As shown in Fig. 5, during heating, the resistivity of the
composite increases with temperature, the PTC effect appears
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Fig. 5. Resistivity—temperature relationship of the CB filled electrically con-
ductive in situ microfibrillar PET/PE composite in the heating—cooling run
with a top test temperature of 140 °C (HCR140). The imaginary line denotes

that the resistivity is beyond the test specification of the electrical meter. The
heating and cooling rates are both 2 °C/min.

at the temperature around the melting point, ca. 130 °C, of PE,
where the resistivity has a sharp increase for more than 4 or-
ders of magnitude. The universal thermal expansion theory
mentioned above can explain this PTC effect. Around the
melting temperature of PE, the melting of the crystalline
region in PE results in a dramatic increase in the volume of
the composite. Consequently, the thermal expansion causes se-
vere separation of the previously contacted conductive PET
microfibrils, and thus the conductive network in the composite
becomes defective, leading to a sharp increase in the
resistivity.

After the PTC effect region, the resistivity of the CPC de-
creases with further increasing temperature, exhibiting the so-
called NTC effect. It is generally believed that the NTC effect
is related to the agglomeration of filler particles in the molten
matrix [34—36]. For the FCMC, the agglomeration of CB
coated PET microfibrils forms gradually and thus leads to
the contact of the conductive microfibrils to produce new con-
ductive paths [4]. The amount of the conductive paths enlarges
with increasing temperature, and consequently the NTC effect
occurs.

During cooling, initially, the resistivity almost remains in-
variable with decreasing temperature. When the temperature
reduces to the crystallization temperature of PE, due to the
presence of PE crystallites, the conductive network in the mol-
ten matrix is broken and thus deteriorates the conductivity of
the composite. Subsequently, both crystallization shrinkage
and linear thermal shrinkage due to the decreasing temperature
produce more conductive contact and thus result in fine con-
ductivity [24], leaving a resistivity peak around the maximum
crystallization temperature of PE.

When the temperature reduces below the maximum crystal-
lization temperature of PE (ca. 119.6 °C), surprisingly, the re-
sistivity of the composite does not reduce any longer; on the
contrary, it substantially increases during cooling, exhibiting
cooling-induced resistivity increase, which is the opposite to
the conventional rule. At the end of the heating—cooling
run, the room-temperature resistivity of the FCMC becomes
4 orders of magnitude higher than the initial room-temperature
resistivity. In other words, after a heating—cooling run, quite
unlike the general case [37,38], in which the conductivity of
a CPC is enhanced or a little reduced, the conductivity of
the FCMC is seriously deteriorated. To our knowledge, the
cooling-induced resistivity increase has not been reported in
the literature.

To probe the reproducibility of this anomalous resistivity—
temperature phenomenon, some samples were tested for two
heating—cooling cycles (HCR140). To describe the results
more clearly, we changed the temperature of the horizontal
axis to the time. Fig. 6(a) and (b) display the resistivity—tem-
perature behaviors of the FCMC samples for the 1st and 2nd
run, respectively. The Ist run is nearly the same as Fig. 5.
For the 2nd run, during heating, the resistivity shows a little
increase, whereafter, in the proximity of the melting point of
PE matrix, the PTC effect also happens. In the cooling process
below 100 °C, the resistivity also shows a gradual increase,
which indicates the satisfactory repeatability of the cooling-
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induced resistivity increase. Because the final resistivity after
the 2nd run is beyond the limit of the test specification of
the high resistance meter, more heating—cooling runs cannot
be attainable.

For comparison, the resistivity—temperature behavior was
probed through elevating the top test temperature from
140 °C to 180 °C (i.e., HCR180), a higher top test temperature
frequently employed in many studies [3,33]. Fig. 7 shows the
resistivity—temperature behaviors of FCMC sample in
HCR180. During heating, the PTC and NTC effects behave
like those in HCR140. However, during cooling below
100 °C, unlike the HCR140, the resistivity does not rise any
longer, but decreases like the conventional case. After the hea-
ting—cooling run, the room-temperature resistivity of the com-
posite is much lower than that of the original sample (from
2.3 x 10° Qcm to 8.4 x 10* Q cm), indicating a very fine con-
ductive network generated through reorganization of the
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Fig. 7. Resistivity—temperature relationship of the CB filled electrically con-
ductive in situ microfibrillar PET/PE composite in the heating—cooling run
with a top test temperature of 180 °C (HCR180). The heating and cooling rates
are both 2 °C/min.
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Fig. 8. Resistivity—temperature relationship of the CB filled electrically con-
ductive in situ microfibrillar PET/PE composite in the heating—cooling run
with a top test temperature of 150 °C (HCR150). The heating and cooling rates
are both 2 °C/min.

conductive PET microfibrils, which is consistent with the con-
ventional cases reported in the literature [37] and our previous
works [4].

When the top test temperature was set at 150 °C (HCR150),
a temperature between 140 °C and 180 °C, the resistivity—
temperature behavior is shown in Fig. 8. It is found that, in
the cooling process below 100 °C, the resistivity does not
rise but reduces with the temperature weakly. Nevertheless,
the room-temperature resistivity of the sample is slightly
higher than the original sample.

The above results indicate the top test temperature domi-
nates the cooling-induced resistivity increase. There is a criti-
cal temperature around 150 °C, at which the room-temperature
resistivity after heating—cooling runs almost equals the origi-
nal resistivity. Too high top test temperature eliminates the
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Fig. 9. Resistivity—temperature relationship of the CB filled electrically con-
ductive in situ microfibrillar PET/PE composite in the heating—cooling run
with a top test temperature of 180 °C (HCR180) after a heating—cooling
run with a top test temperature of 140 °C (HCR140). The heating and cooling
rates are both 2 °C/min. The imaginary line denotes that the resistivity is
beyond the test specification of the electrical meter.

cooling-induced resistivity increase. The subsequent question is
whether there is still the cooling-induced resistivity increase for
the samples which have undergone a heating—cooling run. To
answer this question, two measurements were performed: the re-
sistivity—temperature relationship tests for the samples during
HCR180 after a HCR140, and for the samples during HCR140
after a HCR180. Fig. 9 shows the resistivity—temperature be-
haviors of HCR180 after a HCR140. It is found that the room-
temperature resistivity of the sample reduces for about 3 orders
of magnitude throughout the HCR180. That is, the cooling-in-
duced resistivity increase does not appear any longer. Fig. 10
shows the resistivity—temperature behaviors of HCR140 after
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Fig. 10. Resistivity—temperature relationship of the CB filled electrically con-
ductive in situ microfibrillar PET/PE composite in the heating—cooling run
with a top test temperature of 140 °C (HCR140) after a heating—cooling
run with a top test temperature of 180 °C (HCR180). The heating and cooling
rates are both 2 °C/min.
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Fig. 11. Resistivity—temperature relationship of the CB filled electrically con-
ductive in situ microfibrillar PET/PE composite during cooling. The top test
temperatures of samples are 140 °C, 150 °C and 180 °C, respectively. The
rates are all 2 °C/min. R is the resistivity during cooling. Ry is the room-tem-
perature resistivity of the original samples. The heating and cooling rates are
both 2 °C/min.

a HCR180. Apparently, the cooling-induced resistivity increase
does not yet exist.

For comparison, the resistivity—temperature behavior dur-
ing cooling of the FCMC samples after different top test tem-
peratures is summarized in Fig. 11. To understand the curves
better, the vertical axis is changed to the ratio of the resistivity
in the cooling process (R) to the room-temperature resistivity
of the original samples (R(), which is defined as the relative
resistivity. Quite clearly, the resistivity—temperature behavior
of the samples below 100 °C has a strong dependence of the
top test temperature of the heating—cooling runs. The resistiv-
ity of the samples with decreasing temperature below 100 °C
for HCR140, HCR150 and HCR180 show ascending and de-
scending tendency, respectively. The sample with the lowest
top test temperature (140 °C) shows the highest relative
room-temperature resistivity and the sample with the highest
top test temperature 180 °C displays the lowest relative
room-temperature resistivity.

Though the thermal movement of the CB coated PET mi-
crofibrils is very slow due to the microfibrils’ large size, it
indeed exists, especially in the melt, and depends on the resi-
dence time. That is, the residence time of the microfibrils
above the melting temperature of PE definitely affects the re-
sistivity—temperature behavior of the sample. To intensify the
influence of the residence time, the sample was isothermally
treated at 180 °C for 10 h, and then, a HCR180 was applied
to study its resistivity—temperature behavior, as shown in
Fig. 12. Compared with the sample without thermal treatment
shown in Fig. 7, the PTC intensity decreases obviously (only
1.2, the sample without thermal treatment is nearly 5 under
the same condition. The PTC intensity is defined as log R,/
R>s, Ry, is the maximum resistivity during heating, R,s is the
resistivity at 25 °C), and the NTC effect nearly disappeared.
This indicates that the perfect conductive network was formed
by fine contact of CB coated PET microfibrils during the long
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Fig. 12. Resistivity—temperature relationship of the CB filled electrically con-
ductive in situ microfibrillar PET/PE composite in the heating—cooling run
with a top test temperature of 180 °C (HCR180) after 10 h isothermal treat-
ment. The heating and cooling rates are both 2 °C/min.

time isothermal treatment. The separate CB particles (possibly
agglomerates) in the PE matrix would also help to construct
a fine conductive network. This case also indicates that
a long term thermal treatment brings out gradual aggregation
of conductive components of FCMC, and ultimately, generates
a fine conductive network.

4. Discussion

Why did this cooling-induced resistivity increase of the
FCMC for HCR140 generate during cooling? The origin is
discussed as follows.

It has been well established that the conductive network in
the CPC can reorganize during heating and cooling, which
influences the overall resistivity—temperature behavior of the
CPC. Furthermore, the conductive structure generated during
heating has an effect on the electrical properties of the suc-
ceeding cooling. Upon heating, the volume of the FCMC sam-
ples increase sharply due to the melting of PE crystallites, so
the conductive network is broken down dramatically. The
amount of conductive paths reduces and many conductive con-
tacting points of the microfibrils are separated. As the temper-
ature rises up to 140 °C, the sample of HCR140 enters the
cooling process, while the sample for HCR180 still experi-
ences the treatment from 140 °C to 180 °C, and then to
140 °C. There is an additional high temperature treatment
time for 40 min (2 °C/min for both heating and cooling) for
HCR180 sample, and the separated PET microfibrils have
more time and energy to aggregate to form a fine conductive
network. But for HCR140 sample, the separated PET microfi-
brils have not enough time and energy to generate a fine net-
work, so it goes into the cooling process with a poor
conductive network. The condition of the conductive network
is the basic parameter influencing the resistivity—temperature
behaviors of FCMC during cooling.

The top test temperature 140 °C is below the equilibrium
melting temperature of PE, and at the beginning of cooling,

an earlier crystallization and smaller spherulites may occur be-
cause of the self-seeding. The DSC results from Table 1 show
that the onset crystallization temperatures for HCR140,
HCR150 and HCR180 are nearly the same, hence the influ-
ence of earlier crystallization is very weak. Usually, if the tem-
perature is relatively low, semi-crystalline polymer crystals do
not melt completely, so some tiny crystallites still survive in
the melt. Once the melt is cooled, these crystallites can act
as nucleating sites, thus leading to more small crystals. In
the present work, the DSC results show the melting tempera-
ture and melting end temperature of PE matrix are about
129.3 °C and 130.8 °C, respectively (see Table 1). For the
HCR140 (with a heating rate of 2 °C/min), PE has stayed
for a rather long time (about 12.5 min, 9.5 min plus the addi-
tional residence time of 3 min at 140 °C) above the melting
temperature, so it is believed that the amount of the crystallites
surviving in the PE melt is very small, and have little influence
on the conductivity behavior during cooling. On the other
hand, the conductive component (CB coated microfibrils)
has large size. The small variation of crystallite size has, there-
fore, a very weak influence on the conductivity of the compos-
ite. Below 100 °C, one of the important factors affecting the
resistivity—temperature behaviors of FCMC is the thermal
residual stress.

For a two-phase or multi-phase polymer system, because of
the difference of the thermal expansion coefficient between
different components, with the change of temperature, thermal
residual stress develops in the interface. Boyce et al. proposed
an equation to calculate the thermal residual stress occurring
in the matrix and homogenized particle due to a temperature
change AT as follows [39]:

Ky (Y — 7,) AT
1 ﬁ 1+v,
I—cKn|2(1=2vy)

g =

1+

o W

where ¢ is the thermal stress, K is the bulk modulus, vy is the
volumetric coefficient of thermal expansion, v is the Poisson’s
ratio. The subscripts p and t denote particles and matrix, re-
spectively. Taking polybutadiene (PB)/polystyrene (PS) blend
as an example, according to Eq. (1), the thermal stress is
8.64 MPa assuming PB particles in an infinite matrix, which
is at least 10% lower than 9.68 MPa from the concentric shell
PB/PS (the temperature from 25 °C down to —160 °C) [39].
Sue et al. used Eq. (2) to estimate the thermal residual stresses
in the interface of the polycarbonate (PC)/PE blend
(Ym=2x107*K, y,=2x 107* K, AT=—185°C, PE/
PC = 3.3 wt%) [40], and found that, in contrast to the general
speculation, the thermal stress between the PE and PC was
surprisingly strong (as high as 30 MPa).

The thermal expansion coefficients of PET and PE are
25%x 107K ™" and 1.6 x 107* K™, respectively, showing
a large difference. As a sort of rigid filler, CB has a much
smaller thermal expansion coefficient than the two polymers
PE and PET. Unfortunately, because the length of the PET mi-
crofibrils is not uniform and also hard to measure, and the
shape of CB particles is also very complex, it is almost
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impossible to estimate the thermal residual stresses of FCMC
in terms of Eq. (1). Nevertheless, due to the large length/diam-
eter ratio of PET microfibrils and the complex distribution of
CB particles, it can be understood that a large thermal residual
stresses must exist at the interfaces between PET and PE, so
does the interfaces between CB and the polymer PE or PET.

Upon cooling below 100 °C in HCR140, the crystallization
of PE has been completed; there are two major factors control-
ling the resistivity—temperature behavior, including the ther-
mal residual stresses mentioned above and the shrinkage of
polymer components (especially the shrinkage of PE matrix).
These two factors have opposite effects on the formation of the
conductive network. The thermal residual stresses lead to ir-
regular motion of the PET microfibrils and much breakage
of conductive contact, so the conductive network will be broke
partly and it results in the poor conductivity of FCMC; shrink-
age of polymers enhances the contact of PET microfibrils and
leads to fine conductivity.

For the sample during HCR140, firstly, as described above,
a fine contact does not form in the heating process due to lim-
ited thermal treatment time. So at the beginning of the cooling
process, because the aggregation of PET microfibrils is not
enough, the conductive network, i.e., the contact situation
between different PET microfibrils, is poor. The distances
between PET microfibrils of the samples of HCR140 are
also larger than the samples of HCR180 during cooling. The
conductive paths of HCR140 are vulnerable. Secondly, be-
cause of the absent adhesion between PET and PE, voids exist
at the interface (Figs. 1 and 2) and thus the conductive contact
of CB coated PET microfibrils is further poor. Finally, the dis-
tribution of both PET microfibrils and CB particles are non-
homogeneous, which can also result in the internal stress
and bad contact of PET microfibrils. All these factors indicate
that, during cooling, the fragile conductive contact of the
FCMC samples can be destroyed easily by the thermal resid-
ual stresses. According to the above discussion that the dis-
tances between PET microfibrils are large for HCR140, so
the action of the shrinkage of polymers is limited. Then the
conductive network was destroyed under the action of the ther-
mal residual stresses, the contact of CB particles coated PET mi-
crofibrils was partly broke, the distances between different PET
microfibrils increase due to the tiny thermal movement of the
microfibrils and CB particles, thereby, influences the electri-
cally conductive properties of CPC. But for the sample with
HCR180, after long time and high temperature thermal treat-
ment, the aggregation of PET microfibrils is fine, the conductive
network is nice. So the motion of PET microfibrils is hard, they
would not be easily affected by the thermal residual stress, and
the shrinkage of polymers is the key factor, which results in
more fine conductivity. Fig. 13 illustrates the microstructure
change model for HCR140 (c) and HCR180 (b) samples.

For the HCR140 sample (Fig. 13(c)), because of the short
treatment time in the molten matrix, aggregation of conductive
fillers is limited, and the distance between the neighboring
PET microfibrils is large. The conductive path by the contact
of PET microfibrils is poor and easily vulnerable by the ther-
mal residual stresses. Here the thermal residual stresses are the

PET o r PET A
Conductive network  Conductive network
at 180°C at 140°C

Conductive network before
the heating-cooling run

Conductive network after the two
cooling processes below 100 °C

b c

Fig. 13. Illustration of the movement of microfibrils and CB particles with the
decreasing temperature below 100 °C. The gray domains are the crosssection
of PET microfibrils with CB coating on their surfaces. The black points are
carbon black.

main element affecting the resistivity of the HCR140 sample.
Therefore, in the cooling process below 100 °C, the conduc-
tive contact between CB coated PET microfibrils is
destroyed, leading to the increasing distances between conduc-
tive PET microfibrils. By tunneling mechanism, this case will
affect the conductive network, thus the resistivity of the CPC.

Due to the tunneling mechanism proposed by Balberg et al.
[41—43], the minute increase of the distances between PET
microfibrils and/or between CB particles results in an obvious
increase of the resistivity.

r—Zb}

2)

Otun © €XP |:—

where oy, is the inter-particle tunneling conductivity, r is the
distance between the centers of the particles, b is the radius of
the particles and d is the typical tunneling range (or tunneling
decay) parameter. As clearly suggested by Eq. (2), every two
particles (here assumed spherical) in the system are electri-
cally connected, and their contribution to the conduction of
the whole network diminishes as r increases.

Therefore, under the action of the thermal residual stresses,
the PET microfibrils motioned gradually, the distances between
many CB coated PET microfibrils grew gradually, thus largely
dominating the resistivity of the FCMC during cooling below
100 °C. With the increasing distances between PET microfi-
brils, the distances between CB particles on the PET microfi-
brils also increased. Considering the tunneling mechanism
(as Eq. (2)), the raise of r results in obvious decrease of the con-
ductivity, i.e., the increase of the resistivity. As a result of this,
the resistivity of the FCMC increases significantly with
decreasing temperature. But for samples with HCR180, the
volume shrinkage of polymers is the main factor, which led
to more fine conductive contact and a better conductivity.

In the studies by Hirano and Kishimoto [21] and Li et al.
[24], different heating or cooling rates can result in obvious
difference in resistivity—temperature behaviors. In their



K. Dai et al. | Polymer 49 (2008) 1037—1048 1047

10™M
—4— HCR140, cooling rate 0.5 °C/min

= 10% g%
£ iﬁ A APan
C.? 9 A %A AA AA‘AAA
= 10 AD ANDE
z Pl
£ A
£ 00 A Cooling
'g f Top temperature 140 °C
S
] 7 {
g 10 ﬁ
o
> 100
— Heating
105 T T T T T T T T T
0 2500 5000 7500 10000 12500
Time (s)

Fig. 14. Resistivity—temperature relationship of the CB filled electrically con-
ductive in situ microfibrillar PET/PE composite in the heating—cooling run
with a top test temperature of 140 °C (HCR140). The heating and cooling rates
are 2 °C/min and 0.5 °C/min, respectively.

works, a faster heating rate led to a higher PTC intensity [24].
They thought that the heating rate dependence of the anomaly
was strongly related to the thermal strain rate of the polymer
matrix. A slow rate leads to the relaxation of the polymer ma-
trix and the decay of the stress (expansion stress [21] or inter-
nal stress [24]). To confirm the effect of the cooling rate to the
thermal residual stresses and this abnormal phenomenon of
FCMC, a slower cooling rate was set at 0.5 °C/min for
HCR140 sample.

Fig. 14 shows the resistivity—temperature behavior for
HCR140 sample at a cooling rate of 0.5 °C/min. The resistivi-
ty—temperature behavior during heating is nearly the same as
Fig. 5. However, during cooling, the cooling-induced resistiv-
ity increase could also be observed. Hence, the increasing ten-
dency of the resistivity becomes flatter than that of the test at
a cooling rate of 2 °C/min (see Figs. 5 and 14). A much slower
rate is beyond the limit of the test specification of the temper-
ature regulator, so the resistivity—temperature behaviors dur-
ing cooling with a much slower rate cannot be attainable.
Nevertheless, it is believed that if the cooling rate is slow
enough, because of the relaxation of the PET and PE, the ther-
mal residual stresses will fade away, and this cooling-induced
resistivity increase should disappear.

Apparently, the above model can successfully explain the
cooling-induced resistivity increase of FCMC. Furthermore,
this phenomenon is also related to the room-temperature resis-
tivity, reproducibility and the crystallization of the FCMC as
a PTC material, being of significance to its application. It al-
ways makes the room-temperature resistivity rise, and causes
poor reproducibility.

In order to study the effect of annealing at 140 °C, the re-
sistivity—temperature behaviors were also tested during cool-
ing after the annealing at 140 °C for two times: 1 h, and 10 h
as shown in Fig. 15. After 1 h and 10 h, the increase of the
cooling-induced resistivity disappeared because of fading
away of the thermal residual stresses, i.e., a similar cooling be-
havior as for the HCR180 was observed, but a lower relative
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Fig. 15. Resistivity—temperature relationships of the CB filled electrically
conductive in situ microfibrillar PET/PE composite in the heating—cooling
run with a top test temperature of 140 °C and 180 °C (HCR140, HCR180),
and in the heating—cooling run with a top test temperature of 140 °C
(HCR140) after 1 h and 10 h isothermal treatment, respectively.

room-temperature resistivity was obtained for the 10 h anneal-
ing. Among the samples with annealing at 140 °C for 1 h and
10 h, and the HCR180, the samples with HCR180 shows the
lowest relative room-temperature resistivity, which indicates
that the best conductive network is formed for HCR180, and
the temperature has stronger availability than the time in
HDPE melt in the tests.

If the common CB/PE composites experiences HCR140,
the cooling-induced resistivity increase is yet not observed
(Fig. 16). But the room-temperature conductivity of the CPC
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Fig. 16. Resistivity—temperature relationship of CB/PE conductive polymer
composite with 8.68 vol% CB with a top test temperature of 140 °C
(HCR140) for two heating—cooling runs. The heating and cooling rates are
both 2 °C/min. The imaginary line denotes that the resistivity is beyond the
test specification of the electrical meter.
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also becomes worse than the conductivity before the test. It is
known the CB particles will reject from the crystallites and
can only reside in the amorphous regions [26]. Hence, though
there is no enough time for CB particles to form a fine conduc-
tive network in the heating process, the CB particles will reject
from the crystallites and accumulate in the amorphous regions
in the cooling process. Moreover, with the shrinkage of PE,
many conductive paths could also be formed, so the cooling-
induced resistivity increase does not occur. However, due to
the weak aggregation in the molten PE matrix, the room-tem-
perature resistivity of the sample also increases. As common
PTC materials, this change of the room-temperature resistivity
is significative for the industrial application of the CB/PE
CPC.

5. Conclusions

The CB filled electrically conductive in situ microfibrillar
PET/PE composites (FCMC) were successfully prepared using
the slit die extrusion—hot stretch—quenching process. In this
composite, most CB particles were distributed at the surfaces
of PET microfibrils, but there are still some CB particles left
in the matrix. A low percolation threshold was obtained
(3.8 vol%). The conductive network of the FCMC was formed
by the contact of the CB particles coated PET microfibrils.

After 10 h isothermal treatment at 180 °C, the PTC intensity
decreased obviously (from 5 to 1.2), interestingly, the NTC ef-
fect disappeared. The increasing contact of PET microfibrils as
a result of their heat motion in the molten matrix is responsible
for this phenomenon. The top test temperatures in heating—
cooling runs for FCMC dominated resistivity—temperature
behaviors during cooling below 100 °C. When the top test tem-
perature was set at 140 °C, the resistivity of the FCMC increased
obviously during cooling below 100 °C, showing cooling-
induced resistivity increase. After the first HCR140, the room-
temperature resistivity of FCMC was 4 orders of magnitude
higher than that of the original samples. The damage of the con-
ductive network by the thermal residual stresses developed at the
interfaces between PET microfibrils and PE matrix is the main
reason. The room-temperature resistivity of common CB/PE
CPC also increased after the HCR140.

The cooling-induced resistivity increase is related to the room-
temperature resistivity, reproducibility and the crystallization, so
it is significative for the applications of the PTC materials, over-
current, self-regulating heaters, etc. Based on the special micro-
structure that the CB particles were distributed at the surfaces
of PET microfibrils and the conductive network constructed by
PET microfibrils, the structure of the CPC, especially the dis-
tribution of conductive fillers, affects the properties of the PTC
materials significantly. The most important result is that the
cooling-induced resistivity increase indicates that the work about
the cooling process of the PTC materials is sufficiently necessary.
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