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ABSTRACT: The high-density polyethylene/carbon black
(HDPE/CB) composite with a CB volume fraction of 0.113 is
isothermally annealed at various temperatures from 116 to
149°C, covering the positive temperature coefficient (PTC)
transition and the negative temperature coefficient regions
during heating as well as from 149 to 122°C above
the reverse-PTC transition during cooling. Influences of
annealing temperature on the resistance-temperature and
the resistance-time characteristics are discussed. The

results show that both the resistance-temperature and the
resistance-time characteristics are highly sensitive to the
thermal history. Effects of recrystallization of HDPE and
redistribution of CB aggregates in HDPE on the perform-
ance are discussed. © 2007 Wiley Periodicals, Inc. ] Appl
Polym Sci 105: 710-717, 2007
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INTRODUCTION

Incorporation of conductive particles into a semicrys-
talline polymer matrix may result not only in con-
duction but also in a drastic increase in electric resis-
tivity over a temperature range around the melting
point (T,,) of the matrix, as is termed as positive
temperature coefficient (PTC) effect of resistivity in
the literature."™ The strong PTC effect was attrib-
uted to the thermal expansion upon melting of the
matrix. Such composites with PTC switching effect
have found applications in self-regulating heaters,
self-resetting overcurrent protectors, solvent sensors,
etc., with the advantages of excellent processability,
light weight, and flexibility over the conventional
inorganic PTC materials.? However, the composite
shows a negative temperature coefficient (NTC)
effect of resistivity at temperatures above T,, due to
the redistribution of particles in the melt.* It is gen-
erally believed that the NTC effect is related to the
agglomeration of particles or particle aggregates.>”
The PTC effect strongly depends on the processing
condition and thermal history.*” The composites
undergoing heating—cooling cycles usually show poor
reproducibility of resistivity due to redistribution of
particles in the matrix as a result of repeated melting
and crystallization.* Improvement of the reproduci-
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bility of resistivity might be achieved through post-
heat treatment of the composites.*'*"!

In a filled thermoplastic composite, there is always
a difference in the interfacial energy between the fil-
ler and the matrix, which causes filler particles or
aggregates to flocculate during annealing. Annealing
of a composite at temperatures below T,, has a com-
plicated influence on crystallinity, crystalline size,
and filler distribution and, therefore, on conduction
behaviors. Annealing at the solid state might
improve crystallinity and enlarge the crystal size of
the semicrystalline matrix,'? which might be critical
for enhancement of both stability and long-term
service life, with balanced performance of reduced
room-temperature resistivity and improved PTC in-
tensity.'""> The crystalline structure has obvious
influence on the dispersion and on the formation of
agglomerates of CB particles. Long-time thermal
annealing at elevated temperatures above T,, might
cause intermolecular crosslinking,14 chain scission,
and branching,'” depending on chemical structure of
the matrix, which further influence crystal structure
in the semicrystalline state.'® The PTC performance
might be deteriorated as thermal oxidative degrada-
tion proceeds and crystallinity decreases.'”'®

Annealing at temperatures below and above T,
has different influences on the redispersion of filler
particles in the matrix and also on the PTC/NTC
behavior of the composite.”” Annealing effects are
usually investigated in relation to variations in room-
temperature resistance, PTC intensity, and resistance—
temperature characteristics. The thermal history has a
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complicated influence on the resistance-temperature
characteristic, while its effect on the time-dependent
evolution of conduction is rarely reported. In this
article, we shall study the influence of thermal
annealing on the conduction behavior of high-density
polyethylene (HDPE)/carbon black (CB) composite.
For clarifying the effect of thermal history on the time
dependence of resistance at given temperatures, we
design three sets of experiment where annealing is
performed at temperatures located at below and
above T,, respectively, after heating, or above the
crystallization temperature (T,) of HDPE after cooling
the melt. Another experiment with a three-stage com-
bined annealing is used to enhance the structural
inhomogeneity of the percolation network. Effect of
annealing on the resistance-temperature characteristic
will also be discussed. To avoid thermal oxidation,
all the experiments were performed at temperatures
below 149°C.%°

EXPERIMENTAL
Materials

High-density polyethylene (HDPE, density 0.942 g
cm 2, melting index 0.14 g 10 min') and acetylene
carbon black (CB, particle size 42 nm, Brunauer—
Emmett-Teller special surface area 63 m> g ', dibu-
tyl phthalate absorption 1.70 cm® g~') were obtained
from Yangzi Ethylene (China) and Shanghai Jishan
Chemical (China), respectively. HDPE and CB were
mixed on a two-roll mill at 160 = 5°C for 20 min
and then compressed at 165 * 5°C under 14.7 MPa
for 10 min to form sheet samples with a size of
20 mm x 20 mm x 3 mm. The volume fraction of CB
was 0.113 above the percolation threshold of 0.080.
Two pieces of copper nets were mounted on the
opposite wide surfaces of the sheet to ensure good
electrical contact with the attached copper electrodes.
As described in our earlier articles,> ™ copper net
tightly adhered to the sample surface allowed us to
measure the resistance using the simple two-probe
measurement, and the contact resistance can be con-
trolled to be as small as possible even after several
heating—cooling cycles in the PTC and NTC regions.

Method

Differential scanning calorimetry (DSC) measure-
ment was performed using a Perkin-Elmer series 7
DSC, with a heating/cooling rate of 10°C min '
under dry nitrogen atmosphere. The first run data
were analyzed to evaluate the melting and the crys-
tallization behavior of HDPE. Crystallinity of HDPE
in the virgin composite was calculated using heat of
fusion 287.9 J g for perfect polyethylene crystal.**
Figure 1 shows the DSC curves of the virgin com-
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Figure 1 DSC curves of the virgin HDPE/CB composite
during heating and cooling.

posite during heating and cooling. T, T., and crys-
tallinity of HDPE are determined as 130°C, 115°C,
and 0.58, respectively.

The sheet samples were suspended in air atmos-
phere in an oven without contact with the wall. The
temperature was controlled using the oven, with an
accuracy of *£0.5°C. Two-probe resistance measure-
ment was carried out using a M890B™ digital mul-
timeter (Shenzhen Huayi Mastech, China) for meas-
uring resistance.

From technical point of view, the bulk tempera-
ture of the sample should be measured for evaluat-
ing the resistance-temperature relationship. How-
ever, heating at a constant rate resulted in a temper-
ature distribution field inside the sample; that is, the
temperature was the highest in the surface and
decreased toward the center. Owing to experimental
difficulties in evaluating the temperature distribu-
tion, the surface temperature of the sample was
monitored using a copper—constantan thermocouple
attached onto the wide surface of the sample and
was recorded using a TM902C digital thermometer
(Hongyan Electron, China). Two insulating tapes
were used to bind the thermocouple for ensuring
close contact with the sample surface. The resist-
ance-temperature curves were measured under a
heating/cooling rate of 1°C min .

On the basis of DSC measurement and resistance—
temperature curves of the virgin sample, four sets of
isothermal annealing experiment in air atmosphere
were performed. Treatment A was done at tempera-
tures located in the PTC transition region yet below
T,., after heating the sample from room temperature.
Treatment B was done at temperatures located in the
NTC region (above T,), after heating the sample
from room temperature. Treatment C was done at
temperatures above T, after cooling the sample from
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149°C. A combined annealing was done at three dif-
ferent temperatures during a heating—cooling cycle.
The sample was annealed at 122°C after heating
from room temperature, at 149°C after heating from
122°C, and at 122°C after cooling from 149°C. The
annealing was performed for 72 h at each prescribed
temperatures. Resistance as a function of tempera-
ture and time during heating/cooling and annealing
was recorded.

DSC heating curves of the annealed samples were
measured using the procedure same as described
earlier.

RESULTS AND DISCUSSION
Resistance-temperature characteristic

As shown in Figure 2, annealing at different temper-
atures has significantly different influences on the re-
sistance—temperature characteristic of the composite.
Treatment A makes resistance during cooling to be
considerably higher than that during heating [Fig.
2(a)]. After annealing in the melt, the sample shows
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an abrupt resistance decrease from 122 * 1°C to
110°C during cooling [Fig. 2(b,c)], indicating occur-
rence of a reverse-PTC transition. In Figure 2(d), the
sample subjected to combined annealing does not
exhibit the reverse-PTC transition, while resistance
below 122°C decreases very slightly as the decreas-
ing temperature.

Figure 3 shows the resistance—temperature charac-
teristics of the samples before and after annealing
under various conditions. After experienced treat-
ments A, B, and C, the samples exhibit obvious
PTC/NTC effect during heating and reverse-PTC
effect during cooling. Annealing makes room-
temperature resistance to increase by about 1 order
of magnitude followed by a slight change in PTC
intensity. After the sample is subjected to combined
annealing, on the other hand, the room-temperature
resistance increases by 2.8 orders of magnitude, and
the PTC, the NTC, and reverse-PTC transitions do
not take place anymore during thermal cycles.

Figure 4 shows DSC curves of the four annealed
samples, and Table I summarizes T,, and the overall
crystallinity. The sample after treatment at 149°C
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Figure 2 Resistance—temperature characteristic of HDPE/CB composite. The dashed curves in parts (a), (b) and (c) were
shifted along the vertical axis by a factor of 10" for help of view.
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Figure 3 Resistance-temperature characteristic of HDPE/CB composite before (solid curve) and after (dashed curve)

annealing.

shows a single melting peak centered at 129.7°C,
which is the same as the virgin sample. Furthermore,
there is no difference in crystallinity in these two
samples. It is clear that annealing in the melt does
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Figure 4 DSC heating curves for the HDPE/CB compos-
ite annealed at four conditions as indicated.

not influence the crystal structure formed upon cool-
ing from the annealing temperature. On the other
hand, the samples annealed at 127°C in treatment A
or at 122°C in treatment C exhibit another small
peak at 120.8 and 123.2°C, respectively. Annealing in
the semicrystalline state allows the molecular diffu-
sion in forming crystals with higher stability, thus,
making the major melting peak and the overall crys-
tallinity to increase by 1.7°C and 3%, respectively.
The change in crystal structure can be ascribed to la-
mellar rearrangement.”® The molecular segregation
accompanying with lamellar thickening gives rise to

TABLE 1
Melting Behavior of HDPE in HDPE/CB Composite
Annealed at Various Conditions

Sample T, (°C) Crystallinity
Virgin 129.9 0.58
Treatment A at 127°C 131.6 120.8 0.61
Treatment B at 149°C 129.7 0.59
Treatment C at 122°C 133.0 123.2 0.62
Combined annealing 128.8 0.30
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the appearance of the low-temperature melting peak.
The effect of annealing at 122°C in treatment C
comes from crystallization into crystal, with high sta-
bility and high order of degree. In comparison with
the virgin sample, annealing makes the major melt-
ing temperature and the overall crystallinity to
increase by 3.1°C and 4%, respectively. Annealing at
elevated temperatures usually cause an increase of
room-temperature resistance in comparison with the
virgin sample, as shown in Figure 2, which could
not be explained only from the variation in crystal-
linity, but is rather related to the redistribution of
CB aggregates in the solidified HDPE. The PTC/
NTC transition temperature in Figure 3 is exclu-
sively located in the close vicinity of T, of the main
melting peak. The high degree of crystallinity is the
reason for the strong PTC transition in Figure 3(a—c).

The combined annealing results in a significant
decrease in crystallinity from 58% to 30% in the ma-
trix, and the melting temperature is lowered by 1°C
in comparison with the virgin composite (Table I).
The combined annealing causes a distinct increase
in room-temperature resistance [Fig. 2(d)] and the
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sample loses the resistance switching characteristic
[Fig. 3(d)]. Such changes in conduction behavior is
mainly related to a high degree of agglomeration of
CB aggregates and to the volume dilution effect due
to the increase of the volume fraction of the amor-
phous phase in HDPE. On the other hand, crosslink-
ing of the matrix is likely to occur under the com-
bined annealing with time as long as 9 days, which
results in a small change in density as the material
undergoes further thermal treatment.

Resistance relaxation during annealing

Resistance as a function of time at constant tempera-
tures is shown in Figure 5. When the samples were
annealed at temperatures located in the PTC transi-
tion region, as shown in Figure 5(a,d), resistance
increases first and then decreases. The time at the re-
sistance maximum is 1600, 18, and 8 min at tempera-
tures of 116, 122, and 127°C. The rate of resistance
decay becomes faster as the annealing temperature
is increased. Hou et al.,*® found that annealing of the
CB/ethylene-vinyl acetate copolymer/low-density
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Figure 5 Relative resistance as a function of time. The solid curves in parts (b) and (d) are calculated according to eq. (1)

and the dashed lines in part (c) are for guide of the eyes.
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polyethylene composites in the PTC transition region
causes room-temperature resistance to increase first
and then decrease to equilibrium values, dependent
on the annealing temperature. However, resistance
hardly reaches equilibrium during the annealing
process.

The resistance variation during annealing in the
PTC transition region involves mainly in the redis-
tribution of CB aggregates due to the melting—recrys-
tallization of the matrix. The recrystallization facili-
tates the CB aggregates to flocculate in the matrix to
produce larger secondary structures, often denoted
as agglomerates, so as to decrease superfluous sur-
face energy,” which influences the conduction sig-
nificantly.”® When the CB/HDPE composite is
annealed at temperatures in the PTC transition
region, the melting transition (as shown in Fig. 1)
makes crystals of low stability to undergo melting
and possibly recrystallization. Partial melting of
HDPE crystals first leads to the short-distance migra-
tion of the adjacent particles, which causes the local
breakdown of the conductive clusters and explains
the resistance rise in Figure 5(a,d). On the other
hand, CB aggregates tend to form clusters in the
amorphous phase as recrystallization proceeds,
which should result in the resistance decay.

When the samples were heated to temperatures
located at the NTC region, as shown in Figure
5(b,d), annealing makes resistance to decrease con-
tinuously. This behavior comes from the evolution of
the percolation network due to the redistribution of
CB aggregates in the melt with a sufficiently reduced
viscosity.” ! The diffusion of CB aggregates gives
rise to the time-dependent resistance.”

It may be recalled that the relaxation function f{(t)
for many physical processes is almost universally
given by the Kohlrausch-Williams-Watts (KWW)
stretched exponential function f(t) ~ exp[—(t/1)"]
(Ref. 34), in which the distribution of relaxation rate
depends on sizes of relaxing units.”> Here p is a
measure of the width of the distribution of relaxa-
tion times, with 0 < p < 1. In colloid science, p is
related to fractal dimension D by p = DAD + 1)
(Ref. 36). The KWW relation is suitable for thermally
activated processes in a huge variety of complex sys-
tems, including polymers, colloids, and glasses. Jund
et al.,37 showed that random walks on percolation
clusters in curved spaces accurately results in a
KWW-type of relaxation directly connected to the
fractal nature of clusters.

We found that a combination of two KWW rela-
tions with different relaxation times, t; and t,, and
exponents, p; and p,, like

R/Ro = dpexp[—(t/1)"] + (1 — ¢) exp[—(t/©)"™] (1)

TABLE II
Parameters in Eq. 1 for Describing the Resistance
Relaxation at Temperatures Located in the NTC Region

Temperature (°C) ) 71 (min) T, (min)
1337 0.5 60 2500
1407 0.7 30 500
145° 0.7 23 650
1497 0.8 60 1500
149° 0.8 45 2800

2 From Treatment A.
® From the combined annealing.

could describe relative resistance R/R; as a function
of ¢ in almost the entire time scale investigated.
Here, ¢ is an adjustment parameter. Equation 1 was
applied to fit the measured data using the trial-and-
error method, until the calculated curve became con-
siderably close to the measured data. The fitting was
further improved by slight adjustment of the five pa-
rameters (¢, p1, p2, 11, and 1), until the standard
deviation was the smallest for each set of data. The
fitted curves can well map the measured data with a
standard deviation of 0.020-0.024, as shown in Fig-
ure 5(b,d) as solid curves. The exponents are esti-
mated as p; = 0.65 and p, = 0.35 independent of
annealing temperature. The other parameters are
shown in Table II. Equation 1 suggests that the re-
sistance relaxation in the NTC region is related to
two processes of the percolation network at different
length scales. Though the physical meaning of p, is
ambiguous, the estimated value of p; gives a fractal
dimension of 1.86, being consistent with that of 1.8—
1.9 found in CB/ethylene butylacrylate compolymer
or CB/ethylene—propylene-diene terpolymer compo-
sites.”” This fractal dimension value suggests that the
fast process with a relaxation time of 20-60 min is
due to the formation and growth of CB agglomerates
according to the diffusion-limited cluster aggregation
mechanism.?® The slow one with a relaxation time of
500-2800 min might be due to the coarsening of CB
agglomerates. Contributions from the two processes
are comparable with each other at temperatures
slightly above the PTC/NTC transition point. With
increasing annealing temperature, contribution from
the first process increases while that from the second
one decreases.

The resistance relaxation in treatment C [Fig.
5(c)] is quite different from that in treatment B [Fig.
5(b)]. During annealing at 149 and 135°C, resistance
predominantly increases at the earlier stage but
turns to decrease at the late stage. During annealing
at 129°C, the linear increase of resistance in a dou-
ble-logarithm plot persists in the whole time scale
of experiment. It means that annealing at tempera-
tures well above the reverse-PTC transition temper-
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ature also introduces two competing processes, i.e.,
breakdown and reformation of percolation clusters.
A higher temperature annealing facilitates the refor-
mation of clusters. A peculiar result is observed
during annealing at 122°C, where the reverse-PTC
transition due to onset of crystallization exclusively
occurs when the composite is cooled from the melt.
The resistance-time curve could be divided into
three stages. Resistance increases in the first stage
before onset of isothermal crystallization of HDPE,
which is a behavior reminiscent of resistance relax-
ation in the melt. In the second stage from 5 to 40
min, the primary crystallization of HDPE gives rise
to an increase in the content of the amorphous
phase where CB aggregates reside in.**’ As the
crystallization proceeds, the volume fraction of CB
aggregates in the amorphous phase increases, and
the gap between CB aggregates becomes narrower.
Therefore, the crystallization of HDPE promotes the
formation of continuous conductive pathways that
build up the percolation network in the amorphous
phase. Formation of the percolation network results
in an almost linear resistance decay by about 2
orders of magnitude. In the third stage where the
secondary crystallization of HDPE occurs, resist-
ance also decreases linearly with time, but the slope
is considerably smaller than that in the second
stage.

In combined annealing experiment, annealing of
72 h in the PTC transition region (122°C) only causes a
slight structural rearrangement in the percolation net-
work [Fig. 5(d)]. Further heating of the sample gives
rise to a resistance jump of 4.4 orders of magnitude
due to the breakdown of the percolation network at
the close vicinity of T, [Fig. 2(d)]. The melting of
HDPE, thus, eliminates the influence of annealing at
temperatures below T,, on the distribution of CB parti-
cle in the molten matrix. The followed annealing at
149°C makes CB aggregates to agglomerate together
with coarsening of CB agglomerates; that is, the distri-
bution of particles becomes very inhomogeneous. This
behavior is the same as the single annealing at temper-
atures in the NTC region. When the sample was
cooled down to 122°C, the as-formed conducting path-
ways are partially broken down during the crystalliza-
tion of HDPE. Therefore, the resistance-time curve is
completely different from that in Figure 5(c) at the
same temperature for the sample cooled from 149°C. It
means that the agglomeration of CB aggregates in the
melt has a significantly marked effect on the time-
dependent resistance at temperatures above T..

The results show that the time-dependent resistance
variation is highly dependent upon the thermal history
of HDPE/CB composites. Measurement of the time-de-
pendent resistance during thermal annealing is helpful
for investigating the evolution of conduction property
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and for optimizing the annealing conditions to
improve the PTC performance.

CONCLUSIONS

The resistance-temperature characteristic during
thermal cycle and the resistance-time characteristic
during isothermal annealing are highly dependent
on the thermal history for HDPE/CB composite.
Annealing at temperatures below T,, or above T, indu-
ces resistance to increase first and then to decrease,
reflecting the breakdown and the reformation of perco-
lation network, respectively. During annealing above
T, the resistance decay occurs exclusively due to the
agglomeration of CB aggregates and the formation of
percolation network.
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