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ABSTRACT: The conduction and viscoelastic responses to
temperature are measured simultaneously for carbon black
(CB) filled high-density polyethylene (HDPE) subjected to
dynamic torsion. PTC/NTC transition was correlated with
the loss tangent peak and the quasi modulus plateau, which
was ascribed to the filler network. The bond-bending model
of elastic percolation networks was used to reveal the struc-
tural mechanisms for the cyclic resistance changes at differ-
ent temperatures. The resistance changes at lower tempera-

tures depended on the deformation of the polymer matrix,
while the changes in melting state were mainly attributed to
the rearrangement of the CB network. A simple scaling law
is derived to relate resistance and dynamic storage modulus
in the melting region. © 2008 Wiley Periodicals, Inc. J Appl
Polym Sci 110: 2001-2008, 2008
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INTRODUCTION

In the past few decades, conductive polymer compo-
sites (CPCs) with a positive temperature coefficient
(PTC) effect have attracted a great deal of academic
and commercial interest due to their advantages of
lower resistivity at room temperature, easy fabrica-
tion, light weight, and lower cost over the conven-
tional inorganic PTC materials." They have been suc-
cessfully used as self-regulating heaters, overcurrent
protectors, re-settable fuses and so forth.? The term
of PTC phenomenon describes a precipitous resistiv-
ity increase over several orders of amplitude at tem-
peratures around the melting point (T,,) of the semi-
crystalline matrix, which is usually followed by a
rapid resistivity decrease termed as negative temper-
ature coefficient (NTC) effect. The PTC effect is often
associated with the volume expansion of the matrix
upon heating and melting, which destroys the con-
ducting paths via direct contacts of filler particles or
decreases the tunneling current by enlarging the
gaps between filler particles or aggregates.”> The
NTC effect is generally ascribed to the redistribution
of filler particles in the polymer melt.”®
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Electrical conduction in CPCs is related to the
three-dimensional percolation network throughout the
matrix.” ' The percolation network itself, as well as
the filler—filler and filler-matrix interactions, is a focus
of research in polymer and physical science.''™"
However, direct structural observation usually meets
methodical difficulties'® because a two-dimensional
microphotograph only reflects limited information in
a localized area.'” Therefore, most of the investiga-
tions put importance on indirect methods such as me-
chanical measurements,'® rheological characteriza-
tions,' nuclear magnetic resonance,’’ and bound
rubber measurements.”’ Dynamic rheological mea-
surements are especially useful for studying the struc-
ture and morphology of polymer composites because
the structure of a material exposed to testing condi-
tions and processes is indestructible under small
strain amplitude.'®'*?*

Recently, Zheng et al.> investigated the relationship
between resistivity and dynamic moduli of high-den-
sity polyethylene (HDPE)/ carbon black (CB) compo-
sites upon heating, and suggested a modulus-induced
PTC mechanism. In their study, the conduction and
rheological behaviors were measured respectively so
that the possible influence of dynamic shearing on re-
sistivity was not taken into account. A new method
for simultaneously measuring the conduction and the
rheological responses with temperature for HDPE/CB
composites under dynamic torsion is proposed in this
article. The relationship between resistance and
dynamic storage modulus will be discussed.
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EXPERIMENTAL
Materials and Sample Preparation

Carbon black (CB, VXc-605) provided by Cabot
Corp., USA was used as the conductive filler. The
CB filler had a primary particle diameter of 25 nm, a
dibutyl phthalate (DBP) absorption of 1.48 cm’/g,
and iodine absorption of 90 mg/g. The polymer
matrix was high-density polyethylene (HDPE, 5000S,
density 0.954 g/cm®, melt flow index (MFI) 0.090 g/
min) supplied by Yangzi Petrochemicals, China. To
eliminate the oxidation during processing, an antiox-
idant B215 (molecular weight 647, T,, 180-185°C)
provided by Ciba-Geigy, Switzerland was adopted
to effectively eliminate the oxidation-induced cross-
linking of the ;:)olyethylene matrix up to a tempera-
ture of 200°C.?

CB, HDPE, and B215 were mixed in an internal
mixer (Rheomixer 600, Thermo-Haake) at 155°C and
50 rev/min for 15 min, followed by a compression
molding at 165°C under 10 MPa for 10 min to form
a sheet with smooth surfaces. After being naturally
cooled to room temperature, the sheet was cut into
rectangular samples for rheological and electrical
measurements. All samples studied in this article
have a CB volume fraction above the percolation
threshold of about 10 vol %.

Measurements

Differential scanning calorimetry (DSC) measure-
ment was performed using a Perkin-Elmer series 7
DSC with a heating/cooling rate of 10°C/min in a
dry nitrogen atmosphere. The volume expansions for
pure HDPE matrix and HDPE/CB composites were
measured using the method of Yi et al.**

Figure 1 presents the schematic of the simultane-
ously measuring equipment for the resistance and
viscoelastic responses. Rheological measurements of
dynamic temperature ramp from 25 to 140°C were
performed on an advanced rheology expansion sys-
tem (ARES) with a heating rate of 2°C/min. The
strain and frequency applied were fixed at 0.5% and
1 rad/s, respectively. The samples were insulated
from the rheometer with heat-resistant insulating
adhesive tapes (3M™ 74# insulating tapes). Two
brass wires were adopted as electrodes, which were
fixed to the opposite wide sample surfaces with two
pieces of conductive tape (JEOL, Japan). The conduc-
tive tape is a pressure sensitive adhesive tape, with
conductive carbon particles of micron-scale incorpo-
rated in the adhesive substrates. Resistance along the
sample thickness direction was measured by a two-
probe method at a measuring voltage of 1 V using
an Escort-3146A digital multimeter (Schmidt Scien-
tific Taiwan, China). To verify the present electrode
configuration, two pieces of copper net were used as
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Figure 1 Schematic of the simultaneously measuring
equipment based on an advanced rheology expansion sys-
tem. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com].

the electrodes for comparison, as they were consid-
ered to give a reliable electrical contact.***®

RESULTS AND DISCUSSION

Figure 2 shows the DSC curves for unfilled HDPE
and HDPE/CB composite containing CB of 12 vol %.
Both samples show melting point (T,,) and crystalli-
zation temperature (T, at 132 and 115°C, respec-
tively. The termination temperature of melting falls
close to 136°C, while the onset temperature of crys-
tallization roughly corresponds to 118°C. The addi-
tion of CB particles does not bring appreciable
changes in melting or crystallization behavior.

Figure 3 shows the resistance—temperature (R-T)
relationship of HDPE/CB composite containing 16
vol % CB with the copper net electrodes during two
heating—cooling cycles. The resistance plateau at 1.2
X 10° Q is due to the limitation of the measurement
range. A typical PTC behavior is observed as the
temperature increases toward T,,. During cooling, R
tends to decrease rapidly after 118°C which is
exactly the onset temperature of crystallization in
Figure 2. This can be attributed to the fact that sam-
ples obtained from different crystallization condi-
tions exhibit the same termination temperature of
melting (corresponding to the turning point in the
specific volume-temperature curves).”® It can also be
found that resistance hysteresis between heating and
cooling decreases with increasing thermal cycles,
which can be interpreted in terms of the redistribu-
tion of CB particles due to crystallization and the re-
sultant local volume contraction.””

Figure 4(a-d) show the temperature dependence of
dynamic storage modulus (G'), loss modulus (G"),
loss tangent (tan 3), and resistance (R) under
dynamic torsion for HDPE/CB composites. The pa-
rameters change slightly at low temperatures, but
sharply as temperature approaches T,,. G' and G,
especially the former, decline with the melting of the
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Figure 2 DSC curves for unfilled HDPE (solid line) and
HDPE/CB composite containing CB of 12 vol % (dash
line) during heating and cooling.

polymer matrix and then increase slightly after pass-
ing a minimum. Accordingly, a tan 8 peak appears
at the same temperature of the modulus minimum,
which exactly corresponds to the termination tem-
perature of melting in the DSC curves. R increases

10° 10®
1.2
10° 10
5]
9: 08 10‘ l::
510 = -~
(0] c ©
Elet
(0] s 0.4 s
10% . : v - . —n.p J10°
20 40 &0 B0 100 120 140
Temp F°C
10*
10}
E 1D.|'
S Ino
<’ a
i o
10"
10"

Temp/°C

2003

40 60 80 100
Temp /°C

120 140

Figure 3 Resistance-temperature characteristic of HDPE/
CB composite containing CB of 16 vol % with the copper
net electrodes during heating-cooling cycles. Solid line:
first run; dash line: second run.

upon melting in a much more precipitous way than
the changes of rheological parameters. The PTC/
NTC transition temperature gradually approaches
the temperature of the tan 8 maximum with increas-
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Figure 4 Temperature dependence of dynamic storage modulus G’ (0 Square), loss modulus G” (O Circle), loss tangent
tan & (A Up Triangle), and resistance R (— Solid line) under dynamic torsion for HDPE/CB composites containing CB of
different volume fractions: (a) 11 vol %; (b) 12 vol %; (c) 14 vol %; (d) 16 vol %. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com].
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Figure 5 Enlarged views of the marked regions in Figure 4c. The four regions were respectively chosen at the crystalline
state, at the starting of the melting process, during the melting process, and after the PTC/NTC transition.

ing ¢, although they are already close to each other.
The much sharper changes of R than those of moduli
can be explained in terms of either the volume
expansion®®* or the gap-sensitive tunneling con-
ductance.”® The difference between the PTC/NTC
transition temperature and the tan 3 peak lies in that
a decrease in tunneling resistance could take place
before the filler particles get close enough to cause a
modulus increase, especially for those composites
with lower @, as shown in Figure 4.

More interesting phenomena can be observed
when the resistance changes with temperature or
time under dynamic torsion were further investi-
gated. Figure 5(a-d) present the enlarged view of the
marked domains in Figure 4, where the horizontal
axis is replaced by time t instead of temperature T
to illuminate the effect of cyclic loading. To probe
the underlying structural mechanisms for resistance
changes at different temperatures, four individual
domains are chosen at the low temperature region
(a) where R increase slowly, the transition region (b)
where R begins to grow rapidly, the fast growing
region (c) where the slope of Rt curves is the largest
and the restoring region (d) where R falls down
from its climax, respectively. Figure 5 lists only the
experimental data for the 14 vol % composite, but
the resistance changes of all other composites stud-
ied show the same tendency. It is seen that R at
lower temperatures exhibits a clear cyclic fluctuation
with the same frequency as the dynamic torsion [see
Fig. 5(a)]. The amplitude of the resistance fluctuation
continuously decreases with increasing temperature
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until it is hardly visible in the melting state [see
Figs. 5b-d)]. According to the widely accepted bond-
bending model of elastic percolation networks,*"*?
the occupied bonds in a percolation network are
elastic upon stretching the bond lengths and upon
changing the angles of given pairs of bonds. On the
other hand, only the changes in bond lengths could
result in a resistance change due to the scalar
essence of electrical percolation. At temperatures far
below T, as shown in Figure 5(a), the filler network
is frozen in the crystalline matrix and contributes
only a hydrodynamic reinforcing effect.>> The visco-
elastic deformation of the matrix could force struc-
tural changes of the filler network in both the bond
lengths and the bond angles, thus leading to a clear
cyclic fluctuation of R. At higher temperatures, ma-
trix molecules around the filler particles could easily
relax so as to reduce the forced strain applied to the
filler network, resulting in a less obvious resistance
fluctuation [see Fig. 5(b)]. In the molten matrix, the
filler network contributes to the largest part of G
However, the network exhibits considerable elastic-
ity when subjected to external strain, due to the
attractive interactions between filler particles.'** In
other words, only the changes in bond angles of the
singly connected bonds® could be observed under
low amplitude dynamic torsion. The resistance fluc-
tuation is thus hardly visible in the molten state [see
Figure 5(c,d)].

Although the brass wire electrodes provide
enough bonding strength to withstand the dynamic
torsion and the temperature variation, this configura-
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Figure 6 Temperature-dispersion curves of (a) dynamic storage modulus G’ and (b) loss tangent tan & for unfilled HDPE
and HDPE/CB composites containing CB of different volume fractions. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com].

tion exhibits a higher contact resistance at room tem-
perature than the “ideal” embedded electrodes. For-
tunately, the contact resistance could be greatly elim-
inated by the progressive solidifying process and the
“self-affixing effect” of the conductive tapes at ele-
vated temperatures, which results in a larger contact
area and a better contact quality.”> The resistance
decrease at low temperatures in Figure 4 is mainly
due to the self-affixing effect, while the resistance
change after the starting point of the melting process
primarily reflects the bulk resistance and directly
relates to the structural changes of the percolation
network. Accordingly, we will focus our attention on
the resistance change in the melting region when
studying the resistance-modulus relationship there-
inafter.

Figure 6(a,b) show the temperature-dispersion
curves of G’ and tan & for unfilled HDPE and
HDPE/CB composites. For unfilled HDPE, G
decreases upon melting and levels off at about 140°C
which is 4°C above the termination temperature of
melting in the DSC curve. Compared with the high
value at room temperature, G’ in the melting state
shows a much smaller change and can be regarded
as a quasi plateau modulus due to molecular entan-
glement.36 With increasing CB concentration, the
transition temperature toward the quasi plateau
decreases, while the value of plateau modulus
increases due to the formation of the filler network.””
A tan & peak appears at the transition temperature
of G’ in the filled samples whereas it is absent in
pure HDPE. The reformation of the filler network,
namely, the flocculation or clustering of CB particles
in the molten state is undoubtedly a time-dependent
kinetic process, which has been referred to as the
dynamic percolation by Wu et al.*® Part of the floc-
culation/ clustering process even takes place before

the complete melting of the matrix in the previous
amorphous region, which can be confirmed by the
quasi modulus plateau in Figures 4 and 6.

Carmona and Mouney™ suggested a PTC model
based on the classic percolation equation” and the
concept of effective filler volume fraction. However,
the different effects of thermal expansion and filler
content variation on the electrical conduction are not
taken into account by this model. Furthermore, the
model does not consider the effect of elevated tem-
perature on the percolation threshold that should
change with temperature due to the different crystal-
line state of the matrix.* Tt is expected that the per-
colation threshold should increase a little with
increasing temperature. Sherman et al.*® proposed a
mathematic model incorporating the effects of perco-
lation, quantum mechanical tunneling, and thermal
expansion, which requires the predetermination of
many empirical parameters.

In this article, the well-known thermally activated
theory of tunneling conductance was directly
adopted to account for the resistance changes with
temperature. According to Hill,*' the tunneling cur-
rent | across a thin film at low applied voltage U is
given as

8mme . e\ mnBkT 1 AE
I = e sinn (57 ) g -Ash e (5 )
1)

where m and e are the electron mass and charge,
respectively, h the Plank’s constant, k the Boltz-
mann’s constant, s the thickness of the insulating
film, A =%2m)'?, B=A/(2$"?), and ¢ the zero-
voltage average height of the potential barrier. AE
being larger than kT in eq. (1) gives the activation
energy of conduction which is related to the charg-
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ing energy and the effective junction capacity.*
Equation (1) was originally derived for ultrathin
metal films, but actually the tunneling conduction
strongl;z resembles that between filler particles in
CPCs,4 with the only difference in that s now
denotes the gap distance between neighboring par-
ticles which associates the electrical conduction with
the filler content. The effects of electric field and
image force on ¢ and AE were not considered in eq.
(1) for the sake of convenience. In fact, the introduc-
tion of image force would only reduce the area of
the potential barrier by rounding off the corners and
reducing the thickness of the barrier, but would not
result in a change in the intrinsic tunneling mecha-
nism.** The temperature dependence of the tunnel-
ing term at a given voltage could be approximated
by a polynomial and the potential drop between
neighboring particles should be much less than kT
for an applied field less than 10* V-cm .*! Therefore,
eq. (1) could be revised to give

8mme el 1 2

xexp(-ad)exp (- 7 ) @)

Considering the fractal characteristic of the CB
aggregates and the exponential dependence of the
tunneling current on the insulating barrier thickness,
it is expected that practically all the tunneling occurs
within the small surface areas of the opposite protru-
sions of neighboring particles.'*** Assuming that a*
is the effective cross-sectional area of the protrusions
where the tunneling occurs, the tunnel resistance of
a single tunneling junction could be expressed as

3p2 -1
R— h°B*kT 1

2

exp(Ad?) exp @—ITS)
3)

The intrinsic resistance of CB particles can be
neglected compared with the tunneling resistance.
Based on calculations with self-consistent effective
medium theory, Sheng® further pointed out that R
of a single tunneling junction with some undeter-
mined gap distance s (dependent on ¢) could well
describe the microscopic resistance of a conducting
network with certain distribution in gap distance.

When a sample is heated, R changes with temper-
ature and gap distance. Differentiating the logarith-
mic form of the relative resistance gives
dR ds (AE 1) ar

- @

where A =9F/2m¢, the tunneling area is supposed
to be insensitive to temperature, and the contribution
of the polynomial term was insignificant and hence
negligible compared with the exponential terms.*!
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Since the thermal expansion coefficient of the
polymer matrix is much larger than that of conduct-
ing particle, the change of s is mainly due to the de-
formation of the polymer matrix. Suppose that the
HDPE/CB composites in the solid state experience
an isotropic affine deformation*® upon heating, the
variation of s can be derived as

ds 14V «
p-3v-3 ©
where D is the diameter of CB aggregates which is
supposed to be much larger than the gap distance s,
V the total volume of the sample, o the volume
expansion coefficient. Substitution of eq. (5) into eq.
(4) gives

drR |1 D 1 (AE av
7=l (1)

So far as we know, there have been no quantita-
tive investigations on the changes of moduli during
melting. Figure 7 shows the log-log relationship
between G’ and the expansion ratio V/V, for pure
HDPE and HDPE/CB composites containing CB of
15 vol %, where the reference temperature for Vj
was 20°C. Although the data of G’ and V/V, were
collected separately, it is reasonable to claim that
dynamic torsion would not appreciably affect the
volume expansion. Note that the inflection points
of two curves both correspond to the starting tem-
perature of the melting process at about 124°C.
From Figure 7 we can see that G’ scales with V/V,
before and during melting respectively, with re-
spective exponents. Figure 7 also implies that the

i 1.05 11 115
ViV,

Figure 7 Relationship between dynamic storage modulus
and the expansion ratio at linearly increasing temperatures
for pure HDPE (circle) and HDPE/CB composites contain-
ing CB of 15 vol % (square), with the reference tempera-
ture of 20°C. The solid lines are fitted data according to

eq. (7).
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Figure 8 (a) Relationship between resistance and dynamic storage modulus for composites containing CB of different
contents during the melting region; (b) Parameter K gained from (a) as a function of CB content.

volume expansion of the HDPE matrix is markedly
suppressed due to the existence of CB particles.
The scaling law between G and V/V, can be
expressed as follows

174 —n
o) o

where C and n are positive constants. C is related to
Poisson’s ratio, while #n could be affected by the crys-
tallization, crosslinking and intermolecular forces of
the polymer matrix. Considering that a simple linear
relation holds between the shearing moduli and the
bulk modulus and both these moduli decrease
monotonously with increasing sample volume, the
scaling relation is easily understood.
Combination of egs. (6) and (7) gives

dR 1 D 1 AE dG dG

(8)

where the sign of K indicates the direction of the re-
sistance change with moduli or temperature. Since
thermal activation and volume expansion dominate
the resistance changes at relatively lower and higher
temperatures respectively, a V-shape resistance-tem-
perature relationship is anticipated as reported in
many CPCs.*”*® It could be deduced from the PTC
behaviors that thermal activation plays a trivial role
at temperatures higher than the room temperature
for HDPE/CB composites. At temperatures fairly
below the melting point, the gap distance and there-
fore the parameter K could be regarded as invariant.
Although o and s exhibit sharp increases during the
melting process, K could still be taken as a constant

(which may be a certain average value depending
on the changing rate of the thermal expansion coeffi-
cient) in the narrow temperature region of several
degrees. According to eq. (8), we fit the experimental
data during the melting region (from about 131°C
corresponding to the transition region to 136°C near
the termination temperature of melting process) with
the following scaling law

R ~ AoGK )

where Ay is a constant dependent on the room tem-
perature resistance of the same sample.

Figure 8(a) shows the relationship between R and
G’ for the composites containing CB from 11 to 18
vol %. It is found that the R-G’ relationship in this
temperature region could be well described with
eq. (9). The absolute value of K in Figure 8(b)
decreases as expected with increase in ¢, which
could be ascribed to the hindrance of filler network
to the mechanical relaxation.

CONCLUSIONS

A simple scaling law is derived to relate resistance
and dynamic storage modulus in the melting region.
The resistance changes at lower temperatures
depended on the deformation of the polymer matrix,
while the changes in melting state were mainly
attributed to the elastic deformation of the CB net-
work. The difference between PTC/NTC transition
temperature and loss tangent peak results from the
tunneling resistance. The quasi modulus plateau
during the melting region can be ascribed to the re-
formation of the percolation network.

Journal of Applied Polymer Science DOI 10.1002/app
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