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Pitch-matrix composites for deicing, electromagnetic shielding and strain sensing have
been developed by using carbon Þber (discontinuous) and carbon black as electrically
conductive Þllers. A composite with carbon Þber (5 vol%) as the sole Þller is effective for
strain sensing, which functions by the electrical resistivity increasing reversibly with tensile
for pavements, rooÞng, sealing and related structural
applications. However, the simultaneous use of these
materials for structural and non-structural functions is
desired for the purpose of providing smart structures
and alleviating the high cost, low durability and de-
sign complexity associated with using separate struc-
tural and non-structural components in the same struc-
ture. This paper addresses pitch-matrix composites for
electrical and self-sensing applications.

An electrical application pertains to resistance heat-
ing, which is relevant to pavement deicing, particularly
the deicing of airport runways, bridges and highways.
tive materials are usually effective for shielding, due
to their ability to reßect the radiation. Thus, conduc-
tive pitch-based materials are evaluated in this work
for shielding.

Although electrostatic discharge protection (anti-
static) is not explicitly addressed in this paper, it is
expected that pitch-matrix composites of high conduc-
tivity will be attractive for anti-static ßoors and pave-
ments.

Self-sensing refers to the ability of a structural mate-
rial to sense its own attributes, such as strain and dam-
age. Self-sensing is in contrast to the use of embedded
or attached sensors, which suffer from high cost, low
durability, limited sensing volume and, in the case of
embedded sensors, loss of mechanical properties. The
self-sensing of strain is valuable for weighing (as strain
relates to stress, which in turn relates to the force), traf-
Þc monitoring, border monitoring, and structural vi-
bration control (as strain relates to vibration). The self-
sensing of compressive stress has been reported in a
pitch-matrix composite containing graphite particles;
the resistance increased with increasing compressive
stress in a partly reversible fashion, though the repeata-
bility of this piezoresistive effect (effect in which the
electrical resistivity changes with stress or strain) was
poor [1]. The self-sensing of compressive stress has
also been reported in a composite with a polyethylene
matrix and containing carbon black; the resistance de-
creased with increasing compressive stress [2]. By us-
ing carbon Þber instead of graphite particles, this paper
provides an improved pitch-matrix composite for the
self-sensing of strain and damage.
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TABLE I Properties of pitch and pitch-matrix composites with various weight ratios of carbon Þber to carbon black

Ratio of carbon
Total Þller content Þber to carbon black

% by weight Weight Volume Softening Electrical Storage modulus Tan�
vol% of pitch ratio ratio temperature (� C) resistivity (� ·cm) at 1 Hz (GPa) at 1 Hz

5.03 7.0 1:0 1:0 46.3 363± 33 2.01 0.452
4.92 7.0 1:0.25 1:0.22 / 28.6± 2.4 / /
4.85 7.0 1:0.50 1:0.44 43.9 12.1± 0.8 2.05 0.349
4.76 7.0 1:1 1:0.89 / 71.3± 5.5 / /
4.67 7.0 1:2 1:1.77 / 447± 43 / /
4.60 7.0 1:4 1:3.55 / 2,450± 290 / /
5.40d / 0:1 0:1 44.9 a 1.86 0.114
7.00d / 0:1 0:1 55.6 276,000± 38,000 3.04 0.073
0d 0 / / 40.1 a 1.33 0.152

aToo high to be measured.
bSpecimen thickness= 4.40 mm.
cSpecimen thickness= 4.35 mm.
dFrom Ref. 7.

a Hewlett-Packard (HP) 8510A network analyzer. An
HP APC-7 calibration kit was used to calibrate the sys-
tem. The frequency was either 1.0 or 1.5 GHz. The
sample placed in the center plane of the tester (with
the input and output of the tester on the two sides
of the sample) was in the form of an annular ring of
outer diameter 97 mm and inner diameter 29 mm. The
sample thickness was measured for each specimen.
The average thickness was 4.4 mm. Silver paint was
applied at both inner and outer edges of each speci-
men and at the vicinity of the edges in order to make
electrical contact with the inner and outer conductors
of the tester [9]. Three specimens of each type were
tested.

2.4. Self-sensing evaluation
and tensile testing

Tensile testing was performed using a Sintech 2/D
screw-action mechanical testing system under cyclic
tensile loading at a stress magnitude of either 1.1
or 2.2 MPa. After cyclic loading at a particular
stress amplitude, tensile testing was performed dur-
ing static loading up to failure. The loading speed
was 0.5 mm/min. Three specimens of each composi-
tion were tested. During tensile testing, the longitudi-
nal strain was measured by using a strain gage attached
to the center of one of the largest sides of the speci-
men (150× 12× 5mm). Simultaneously with mechan-
ical testing, the longitudinal DC electrical resistance
was measured using the four-probe method. The lon-
gitudinal resistance refers to the resistance along the
stress axis. The electrical contacts were made by silver
paint (in conjunction with copper wire) applied along
the whole perimeter in four parallel planes perpendic-
ular to the stress axis. The inner two contacts (50 mm
apart) were for voltage measurement, while the outer
two contacts (70 mm apart) were for passing a cur-
rent. The longitudinal strain and resistance were mea-
sured simultaneously for each specimen. A Keithley
(Keithley Instruments Inc., Cleveland, OH) 2001 mul-
timeter was used. The volume resistivity was calcu-
lated from the measured resistance, measured longitu-

dinal strain and calculated transverse strain (Poisson
effect). Three specimens of each composition were
tested to ascertain reproducibility of the trends reported
here.

2.5. Softening temperature measurement
The softening temperature was measured by perform-
ing thermal mechanical analysis (TMA) in the pene-
tration mode at a compressive stress of 1415 Pa (as
applied through a quartz probe with a ßat tip of diame-
ter 3 mm), using a Perkin-Elmer Corp. (Norwalk, CT)
Model TMA 7E thermal mechanical analyzer. The heat-
ing rate was 2� C/min. The sample size was 8× 5 mm
in the plane perpendicular to the stress direction and
3 mm in the stress direction, as obtained by cutting
the specimens described above. The softening temper-
ature was taken as the intersection of the extrapola-
tion of the baseline with the tangent of the TMA curve
(i.e., curve of the fractional change in dimension in the
stress direction vs. temperature) in the high tempera-
ture regime. For examples of TMA curves, please refer
to Fig. 1 of Ref. 7. Three specimens of each type were
tested.

2.6. Dynamic mechanical testing
The dynamic mechanical properties under ßexure were
studied at controlled loading frequencies (1.0 Hz) and
room temperature (20� C), using a Perkin-Elmer Corp.
(Norwalk, CT) model DMA 7E dynamic mechanical
analyzer. Measurements of storage modulus were made
at various constant frequencies. The specimens were in
the form of beams (160× 5.0× 3.5 mm) under three-
point bending, such that the span was 150 mm. The
loads used were all large enough so that the amplitude
of the specimen deßection was from 6.0 to 9.0µm (over
the minimum value of 5µm required by the equipment
for accurate results). The loads were set so that each
different type of specimen was always tested at its ap-
propriate stress level. Six specimens of each type were
tested.
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TABLE I I Electromagnetic behavior of pitch-matrix composites

Attenuation upon transmissiona (dB) Attenuation upon reßection (dB)
Ratio by weight of carbon Specimen
Þber to carbon black thickness (mm) 1.0 GHz 1.5 GHz 1.0 GHz 1.5 GHz

1:0 4.40± 0.53 25.6± 2.08 27.4± 3.15 1.35± 0.16 1.81± 0.19
1:0.50 4.35± 0.47 23.1± 1.86 23.7± 2.14 1.40± 0.11 1.99± 0.16

aSame as EMI shielding effectiveness.

3. Results and discussion
3.1. Electrical resistivity
Table I shows the electrical resistivity of various pitch-
matrix composites. The resistivity decreased with in-
creasing carbon black proportion, reaching a minimum
resistivity of 12� ·cm at a weight ratio of 1:0.50 for
the ratio of carbon Þber to carbon black. Beyond this
proportion of carbon black, the resistivity increased
with increasing carbon black proportion. The resistiv-
ity for the case of carbon Þber as the sole Þller was
much lower than that for the case of carbon black as
the sole Þller. However, combined use of carbon Þber
and carbon black in the weight ratio 1:0.25, 1:0.50 or
1:1 resulted in lower resistivity than the value resulted
from the use of carbon Þber as the sole Þller. The op-
timum weight ratio was 1:0.50 for attaining the lowest
resistivity.

3.2. EMI shielding effectiveness
The electromagnetic behavior of the pitch-matrix com-
posites corresponding to the Þrst and third entries of
Table I is shown in Table II. The EMI shielding ef-
fectiveness was slightly higher (due to slightly higher
reßectivity, as indicated by a lower attenuation upon re-
ßection) for the composite with carbon Þber but without
carbon black, than that containing carbon Þber and car-
bon black in the weight ratio 1:0.50. This is in spite of
the higher resistivity of the composite without carbon
black. Thus, the combined use of carbon Þber and car-
bon black is less effective for shielding than the use of
carbon Þber alone. This result is consistent with the fact
that electrical connectivity is much more important for
conduction than for shielding. The greater connectivity
imparted by carbon black helped the conductivity but
did not help the shielding. Due to the low cost of car-
bon black compared to carbon Þber, the combined use
of carbon Þber and carbon black for shielding remains
attractive.

3.3. Self-sensing and tensile behavior
3.3.1. Composite with carbon Þber

as the sole Þller
The carbon Þber content is 5.03 vol%. The compos-
ite is similar to the one in the Þrst entry of Table I.
Fig. 2 shows that the longitudinal resistance increased
reversibly with increasing tensile strain in every loading
cycle at a stress amplitude of 1.1 MPa. The correspond-
ing resistivity variation is shown in Fig. 3. The resistiv-
ity also increased reversibly with strain. The fractional
change in resistance per unit strain (i.e., the gage factor)
is 3.45± 0.72, as shown in Table III.

TABLE I I I Gage factor of pitch-matrix composites at different tensile
stress amplitudes

Ratio by weight of carbon Þber to carbon black

1:0 1:0.50

1.1 MPa 2.2 MPa 1.1 MPa 2.2 MPa
3.45± 0.72 17.3± 3.2 0.63± 0.08 1.84± 0.13

Figure 2 Curves of fractional change in resistance (thick curve) versus
time and of tensile strain (thin curve) versus time under cyclic tensile
testing at a Þxed stress amplitude of 1.1 MPa for the composite with
carbon Þber as the sole Þller.

Figure 3 Curves of fractional change in resistivity (thick curve) versus
time and of tensile strain (thin curve) versus time under cyclic tensile
testing at a Þxed stress amplitude of 1.1 MPa for the composite with
carbon Þber as the sole Þller.

Fig. 4 shows similar behavior at a stress amplitude
of 2.2 MPa. Both the resistance and the resistivity (plot
not shown) increased reversibly with strain. The gage
factor is 17.3± 3.2 (Table III). Although the gage factor
is much higher at the higher stress amplitude, the signal-
to-noise ratio was lower at the higher stress amplitude.

Fig. 5 shows the behavior during static loading up to
failure. Fig. 6 shows a magniÞed view of the portion
of Fig. 5 before the abrupt resistance increase, which
occurred in Fig. 6 at a strain of 0.06%. The resistivity
increased steadily and gradually with increasing strain
up to 0.06%, beyond which the resistivity increased
abruptly.
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