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a b s t r a c t

The piezoresistive behavior of two kinds of films, cast film and pressed film, based on high-density poly-
ethylene/carbon-black composites is investigated for specimens loaded in axial tension. The tests are per-
formed under a low number of cycles and different levels of applied strain. The normalized electrical
resistance of the cast film is almost constant with strain in the elastic region and then it starts to increase
with strain in the plastic region. However, for the pressed film, the normalized electrical resistance
increases monotonically with strain. This unique behavior of resistance change of cast films can be
applied to identify the elastic and plastic deformation in the composite. Moreover, two completely differ-
ent strain sensing behaviors are presented in the cast film which undergo the cyclic tensile within the
elastic regime and plastic regime. Finally, the normalized electrical resistance is simulated by using a
mathematical model, taking into account the number of conductive paths and tunneling effect.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The research on the electrical properties of carbon black (CB)
filled polymer has attracted a lot of interests [1–7]. With an appro-
priate amount of carbon black in polymer matrix, the composites
possess flexibility and piezoresistivity at the same time. These
attributes have been utilized for developing smart materials which
are able to measure their own strains through the variations in
their electrical resistance [8–13]. The piezoresistive signal of these
CB/polymer composites can also be used as structural health mon-
itoring of advanced composite materials [2,6,7,11]. Besides the
morphologies and electrical properties of the conductive network,
the piezoresistive capability of these CB filled composite materials
is strongly dependent on the matrix mechanical behavior, loading
type (tension, compression, impact) and loading time or loading
history [4,5,9,12,14]. Especially under cycling loading, reversible
phenomena such as elasticity and irreversible phenomena such
as plasticity of polymer may affect the electrical response of the
CB-polymer composites.

The study on the relation between applied strain and the resis-
tance of composite is the key to investigate the strain sensor
[1,5,8,11,15–19]. The piezoresistivity observed in the strain sensors
made from polymer/CB composites can be mainly attributed to the

tunneling effect in adjacent fillers and the loss of contact between
the fillers with the variation of strain. Zhang et al. [20] found that
the resistance of conductor-filled polymer composites decreases
with increasing uniaxial pressure and uses a concept of conducting
path to describe this phenomenon. They considered that the total
resistance in conducting composites is decided by the resistance
between adjacent conductive particles. Based on the theory of tun-
neling current, the total resistance of the composite can be calcu-
lated by:
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where M is number of particles forming a single conducting path, N
is number of conducting paths, h is Plank’s constant, s is thickness of
insulating film between the adjacent particles, A is effective cross-
sectional area, e is electron charge, and u is height of potential bar-
rier between adjacent particles, m is electron mass.

Maris Knite et al. [21] studied the relation between strain and
electrical resistance of carbon-black-filled polyisoprene composite.
Chiacchiarelli et al. [19] studied the piezoresistive behavior of
graphene epoxy nanocomposites. They all found that the compos-
ite resistance increases with strain. To explain this phenomenon,
the tunneling effect and destruction of conducting paths were
taken into account. They hypothesized that the conducting path
might actually be reduced when deformation increases, due to
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the growth of micro-cracks within the material. The number of
conducting paths can be calculated by:

NðeÞ ¼
N0

expðAeþ Be2 þ Ce3 þ De4Þ ð2Þ

where e is the deformation, N(e) represents the amount of conduc-
tion paths at a specific deformation. N0 is the initial amount of con-
ducting paths and A, B, C and D are fitting parameters. Based on the
analysis on the relation among the deformation of matrix, the par-
ticle separation, and the number of conducting paths, the changes
in the electrical resistance of the composite can be fitted by Eq. (3):

ln R ¼ ln R0 þ lnð1þ eÞ þ Aeþ Be2 þ Ce3 þ De4 ð3Þ

where R0 is the initial electrical resistance, R is the instantaneous
electrical resistance at a specific deformation. This model quite well
described the experimental data at large deformations in Ref. [21].

However, the mass ratio of CB to the polymer in composite was
required to be close to the percolation threshold in this model. In
addition, the size of the carbon black was neglected in the process
of derivation of the Eq. (3). Thus, the existing models cannot be
used to explain the complicated piezoresistive phenomena for
the composites which fabricated with the mass ratio of carbon
black far more than the percolation threshold. Furthermore, it is
found that the size of carbon black is non-negligible in the process
of derivation of mathematical model for the piezoresistive of
composites.

In this work, the piezoresistivities of carbon-black-filled con-
ductive films prepared by different methods are investigated quan-
titatively. A particular interesting scenario occurs in the strain
sensing behavior of HDPE/CB film which was fabricated by cast
film extrusion. When the cast film subjected to the uniaxial tensile,
an almost constant normalized electrical resistance is displayed in
the elastic region, and the normalized electrical resistance starts to
increase when strain entered into plastic region. The piezoresistive
behavior of the cast film can be applied to identify the elastic and
plastic deformation in the composite as a smart material. More-
over, two completely different strain sensing behaviors are pre-
sented when cast film undergo the cyclic tensile within the
elastic regime and plastic regime. To explain the complex piezore-
sistive phenomena, we conducted detailed investigation into the
underlying mechanisms responsible for the piezoresistivity of the
cast film, with a focus on the decrease of the number of conductive
paths and tunneling effect. The normalized electrical resistance is
simulated by using a mathematical model, taking into account
the number of conductive paths and the tunneling effect.

2. Experiment

2.1. Materials

Carbon Black (PrintexXE2-B, mean particle size of 30 nm, spe-
cific surface area of 1000 m2/g, and dibutyl phthalate absorption
of 420 ml/100 g) was supplied by Evonik degussa Corporation, Ger-
many. A commercial high-density polyethylene (HDPE 3300F),
with a melt flow rate of 0.3 g/10 min, supplied by Yanshan petro-
leum Chemical Co., Ltd., Beijing, was used as the matrix material.

2.2. Preparation of HDPE/CB conductive films

HDPE/CB (5 vol%) composite was melt blended through a twin-
screw extruder (SHJ-20, L/D ratio of 20, Nanjing Giant Machinery
Co., Ltd.) set as temperature profile of 170, 185,190 and 185 �C
from hopper to die. The extruded strands were pelletized and then
the carbon black was added (to ensure good conductivity) under
the same extrusion processing conditions to get HDPE/CB

(7.2 vol%) composite. The HDPE/CB conductive film with draw ratio
16 (the linear velocity of rotation of take-up roll divided by the
velocity of melt outflow from die exit) was prepared by cast film
extrusion method using a single-screw extruder (SJ-20BX25)
equipped with a film die. In addition, the HDPE/CB pellets were com-
pression molded at 200 �C for 5 min and then cooled to 25 �C under
pressure for 2 min. All the films were annealed at 110 �C for 2 h.

2.3. Sample characterizations

The dispersion of carbon black and crystalline morphology of
the conductive films were observed with a Scanning Electron
Microscopy (Inspect F, FEI Company, USA). An acceleration voltage
is 20 kV. For studying the dispersion of filler, the specimens were
placed laterally on the stage without any metal coating. For mor-
phological observation, the surfaces of specimens were etched by
permanganic etching technique [22,23], washed, dried and then
covered with a thin layer of gold. The piezoresistivity measure-
ments were performed on a homemade apparatus (Fig. 1a). The
uniaxial tension and release was carried out by the Shimadzu uni-
versal testing machine (AGS-J) with a constant rate of 1 mm/min.
Two-probe electrical resistivity measurements were performed
using an electrometer Keithley 6517B (Keithley Instruments, Inc,
Ohio, USA) connected to a computer. The strain (e) and resistance
data were recorded through a LabVIEW program in a real-time
manner. Both ends of the dumbbell samples were coated by silver
paint prior to test in order to reduce the contact resistance. Five
specimens for each sample were tested and the averaged data were
reported in this work.

3. Results and discussion

3.1. Morphology

The results of the scanning electron microscope (SEM) analysis
of HDPE/CB films, prepared by compression-molded process and
cast film extrusion process, are shown in Fig. 2. As seen from
Fig. 2a and b, the SEM micrograph of the surface of films showed
that carbon black particles homogeneously dispersed in HDPE
matrix, with no visible agglomerates, which ensures the formation

Fig. 1. (a) Experimental setup for the piezoresistivity measurements. Photographs
of the pressed film (b) and cast film (c): the left one is the original sample and the
right one is the stretching sample with strain in which the electrical resistivity
could not be obtained by our equipment.
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