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Carbon fiber structural composites as thermistors
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Abstract

Carbon fiber structural composites, in the form of short-fiber silica fume cement–matrix composite and crossply continuous-fiber
polymer–matrix composite, were found to be thermistors due to the decrease in electrical resistivity with increasing temperature. The
resistivity is the volume resistivity for the cement–matrix composite and the contact resistivity between crossply laminae for the
polymer–matrix composite. The activation energy of electrical conduction is up to 0.41 and 0.12 eV for cement–matrix and
polymer–matrix composites, respectively. For the polymer–matrix composite, each junction between crossply fiber groups of adjacent
laminae is a thermistor, while the fiber groups serve as electrical leads. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

An NTC thermistor is a thermometric device consisting
Ž .of a material typically a semiconductor whose electrical

resistivity decreases with increasing temperature. It is dif-
ferent from thermocouples, which are based on the See-
beck effect. Both thermistors and thermocouples are widely
used for temperature sensing.

As the temperature affects the performance, operation
and safety of structures, it is valuable to monitor the
temperature of a structure. This monitoring is convention-
ally done by using embedded or attached temperature
sensors.

This paper provides a new class of thermistors, which
involve carbon fiber structural composites instead of semi-
conductors. The advantages of the composites are low
cost, mechanical ruggedness and processability into vari-

Žous shapes and sizes as small as a coin or as large as a
.bridge . The processability into large sizes means that a

composite structure is inherently able to sense its own
temperature, without the need for embedded or attached
sensors. This makes the structure intrinsically smart. Com-
pared to the use of embedded or attached sensors, the
intrinsically smart structure has the advantages of low cost,

Žhigh durability, large sensing volume everywhere rather
.than just here and there and absence of mechanical prop-
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Žerty degradation which occurs in the case of embedded
.sensors .

Concrete is a cement–matrix composite that is impor-
tant for civil structures. The addition of short fibers as an
admixture is known to decrease the drying shrinkage and

w xincrease the flexural toughness 1–6 . In the case of the
fibers being carbon fibers, the fiber addition also increases
the flexural strength and renders the composite the ability

w xto sense its own strain 7–11 . The strain-sensing ability is
due to the effect of strain on the volume electrical resistiv-
ity of the composite. The Seebeck effect has been reported

w xin carbon fiber cement–matrix composites 12 ; it allows
the cement–matrix composites to serve as temperature
sensors. However, the use of the Seebeck effect for tem-
perature measurement requires Seebeck voltage measure-
ment, such that the voltage drops in the electrical leads and
other parts of the circuit are not included. This requirement
makes it more complicated to make use of the Seebeck
effect in a structure in practice than the thermistor effect
Ži.e., the decrease of the resistivity with increasing temper-

.ature , which relates to resistance measurement rather than
voltage measurement. The thermistor effect has not been
previously reported in cement–matrix composites, al-
though studies of the electrical resistivity have been made
w x13–17 .

Continuous carbon fiber polymer–matrix composites
are widely used for lightweight structures, such as aircraft,
sporting goods and even automobiles and wheel chairs.
Continuous fibers are not used in cement–matrix compos-
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ites due to the high cost of continuous fibers compared to
short fibers, the impossibility of having continuous fibers
in a concrete mix, and the importance of low cost for a
concrete to be industrially viable. For polymer–matrix
structural composites, continuous fibers rather than short
fibers are used, because continuous fibers are much more
effective for reinforcing than short fibers. The thermistor
effect has been previously reported in short-fiber

w xpolymer–matrix composites 18 , but not in continuous-
fiber polymer–matrix composites.

The thermistor effect is not only useful for application
in temperature-sensing, it is relevant to the study of the
electrical conduction mechanism, which relates to the
structure of the composite. The sensitivity of a thermistor
for temperature-sensing is described by the activation en-
ergy of the electrical conduction, as obtained from the
negative slope of the Arrhenius plot of the logarithm of the
electrical conductivity vs. the reciprocal of the absolute
temperature. The activation energy reflects the energy for
the hopping of the charge carrier in the composite.

This paper describes the thermistor effect in short car-
bon fiber cement–matrix composite and continuous carbon
fiber polymer–matrix composite. The former was found to
be associated with an activation energy that is similar to
the values for semiconductors, whereas the latter was
found to be associated with a lower activation energy.
Hence, the former is superior to the latter for thermistor
application. However, the latter is more amenable to prac-
tical implementation, because the continuous fibers serve
as electrical leads, so that both thermistors and leads are
built-in to a continuous fiber composite.

For both carbon fiber polymer–matrix and cement–ma-
trix composites, the electrical resistivity is affected by both
temperature and strain. Thus, practical application of these
composites for temperature-sensing will require compensa-
tion for the effect of strain.

2. Short carbon fiber cement–matrix composites

2.1. Experimental methods

The carbon fibers were isotropic pitch-based, unsized,
and of length ;5 mm, as obtained from Ashland

Ž .Petroleum Ashland, KY . The fiber properties are shown
Ž .in Table 1. No aggregate fine or coarse was used.

Table 1
Properties of carbon fibers used in cement–matrix composites

Filament diameter 15"3 mm
Tensile strength 690 MPa
Tensile modulus 48 GPa
Elongation at break 1.4%

y3Electrical resistivity 3.0=10 V cm
y3Specific gravity 1.6 g cm

Carbon content 98 wt.%

Fig. 1. Experimental set-up for measuring the temperature dependence of
the electrical resistivity at and above room temperature. Dimensions are
in millimeters.

Ž .The cement used was portland cement Type I from
Ž . ŽLafarge Southfield, MI . The silica fume Elkem Materi-

.als, Pittsburgh, PA, EMS 965 was used in the amount of
15% by weight of cement. The methylcellulose, used in
the amount of 0.4% by weight of cement, was from Dow
Chemical, Midland, MI, Methocel A15-LV. The defoamer
Ž .Colloids, Marietta, GA, 1010 used whenever methylcel-
lulose was used was in the amount of 0.13 vol%. The
latex, used in the amount of 20% by weight of cement,

Žwas a styrene butadiene polymer Dow Chemical, Mid-
.land, MI, 460NA with the polymer making up about 48%

of the dispersion and with styrene and butadiene in the
weight ratio 66:34, such that the latex was used along with

Žan antifoam Dow Corning, Midland, MI, no. 2210, 0.5%
.by weight of latex .

A rotary mixer with a flat beater was used for mixing.
Ž .Methylcellulose if applicable was dissolved in water and

then the defoamer was added and stirred by hand for about
Ž .2 min. Latex if applicable was mixed with the antifoam

by hand for about 1 min. Then the methylcellulose mixture
Ž . Ž .if applicable , the latex mixture if applicable , cement,

Ž . Ž .water, silica fume if applicable and fibers if applicable
were mixed in the mixer for 5 min. After pouring into
molds, an external vibrator was used to facilitate com-
paction and decrease the amount of air bubbles. The
samples were demolded after 24 h and then cured in air at
room temperature and a relative humidity of 100% for 28
days.

Ž .Five types of cement pastes were studied, namely, i
Ž .plain cement paste consisting of just cement and water ,

Ž . Žii silica fume cement paste consisting of cement, water
. Ž .and silica fume , iii carbon fiber silica fume cement paste

Žconsisting of cement, water, silica fume, methylcellulose,
. Ž . Ždefoamer and carbon fibers , iv latex cement paste con-

. Ž .sisting of cement, water and latex , and v carbon fiber
Žlatex cement paste consisting of cement, water, latex and

.carbon fibers . The waterrcement ratio was 0.45 for pastes
Ž . Ž . Ž . Ž . Ž .i , ii and iii , and was 0.25 for pastes iv and v .

Electrical resistivity measurements were conducted us-
ing the two-probe method, with silver paint in conjunction
with copper wires for electrical contacts. The two-probe
method gave essentially the same result as the four-probe
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Fig. 2. Temperature vs. time during stepped heating and cooling.

method, due to the high sample resistance. A Keithley
2001 multimeter was used. Samples were in the form of
rectangular bars of size 150 mm=12 mm=11 mm. Each
electrical contact was applied around the entire 12 mm=11
mm perimeter of the bar. The two contacts were at two
parallel cross-sectional planes that were 40 mm apart. The
temperature was varied by putting a sample in a steel open

Ž .box 200 mm=200 mm=80 mm which was sandwiched
Ž .by hot platens 280 mm=280 mm that were resistance-

Ž .heated Fig. 1 . The sample was electrically insulated from
the steel box and did not touch either platen. The tempera-
ture of the sample was measured by using a thermocouple
which touched the middle of the top surface of the sample.

Ž .A removable plate 100 mm=80 mm at a side of the
steel box allowed electrical leads from the sample to come
out. The temperature was raised and then lowered in steps

Ž .between 208 and 458C Fig. 2 . Current–voltage character-
istic measurement was made at each step. Six samples of
each of the five types of paste were tested.

Ž .For paste iii alone, electrical resistivity measurement
was also conducted below room temperature by putting the
sample in a freezer with temperature control. No box was
used to house the sample, in contrast to measurements
above room temperature. The temperature was measured

Fig. 3. Current–voltage characteristic of carbon fiber silica fume cement
paste at 388C during stepped heating.

Table 2
Resistivity and critical voltage of carbon fiber silica fume cement paste

Ž .Temperature 8C Resistivity Critical
4Ž . Ž .during stepped 10 V cm voltage V

heating and cooling

20 1.73"0.08 8.15"0.34
25 1.38"0.12 6.82"0.47
32 0.90"0.14 5.76"0.52
38 0.69"0.09 5.07"0.39
45 0.44"0.09 4.24"0.43
38 0.76"0.13 5.51"0.38
32 1.01"0.09 6.44"0.56
25 1.50"0.16 7.41"0.49
20 1.92"0.18 9.05"0.66
1 4.47"0.24 10.30"0.21
7 3.36"0.31 9.76"0.30

14 2.13"0.15 9.14"0.32
7 3.80"0.19 10.10"0.36
1 5.28"0.36 10.70"0.27

by using a thermocouple which touched the middle of the
top surface of the sample. It was raised in steps from 18 to
78C and then to 148C, and then lowered in steps to 78C and
then to 18C. The steady-state time at each step was 20 min,

Ž .as in Fig. 2. Six samples of paste iii were tested.

2.2. Results

Fig. 3 shows the current–voltage characteristic of car-
bon fiber silica fume cement paste at 388C during stepped
heating. The characteristic is linear below 5 V and deviates
positively from linearity beyond 5 V. The resistivity is
obtained from the slope of the linear portion. The voltage,
at which the characteristic starts to deviate from linearity,
is hereby referred to as the critical voltage. The shape of
the characteristic is similar for all samples at all tempera-
tures, though the values of the resistivity and critical
voltage differ, as listed in Table 2.

Fig. 4 shows a plot of resistivity vs. temperature during
heating and cooling for carbon fiber silica fume cement

Fig. 4. Plot of electrical resistivity vs. temperature during heating and
cooling for carbon fiber silica fume cement paste.
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Fig. 5. Arrhenius plot of log electrical conductivity vs. reciprocal absolute
temperature for carbon fiber silica fume cement paste.

paste. The resistivity decreased upon heating and the effect
was quite reversible upon cooling. That the resistivity was
slightly increased after a heating–cooling cycle is probably
due to thermal degradation of the material. Fig. 5 shows

Žthe Arrhenius plot of log conductivity conductivitys
.1rresistivity vs. reciprocal absolute temperature. The

slope of the plot gives the activation energy, which is
0.390"0.014 and 0.412"0.017 eV during heating and
cooling, respectively. Fig. 6 shows a plot of the critical
voltage vs. temperature during heating and cooling. The
critical voltage decreased upon heating and the effect was
reversible upon cooling. That the critical voltage was
slightly increased after a heating–cooling cycle is probably
due to thermal degradation of the material.

Results similar to those of carbon fiber silica fume
cement paste were obtained with the remaining types of
cement paste, i.e., carbon fiber latex cement paste, silica
fume cement paste, latex cement paste and plain cement
paste, except that, for all the remaining four types of

Ž .cement paste, i the resistivity was higher by about an
Ž .order of magnitude, and ii the activation energy was

lower by about an order of magnitude, as shown in Table
3. The critical voltage was higher when fibers were absent
Ž .Table 3 .

2.3. Discussion

Comparison between carbon fiber silica fume cement
paste and silica fume cement paste shows that the presence
of carbon fibers decreases the electrical resistivity and
causes the resistivity to decrease with increasing tempera-
ture more significantly, as indicated by a higher activation
energy, which is desirable for thermistors. The low resis-
tivity when fibers are present is due to the high conductiv-
ity of the fibers compared to the cement matrix. The high
activation energy when fibers are present is due to the
hopping conduction between cement matrix and fiber.
Note that the fiber volume fraction is below the percola-

w xtion threshold 1 , so that direct hopping from fiber to fiber

is relatively insignificant. In the absence of fibers, the
activation energy is low, because the interfaces in silica
fume cement paste are relatively diffuse and hopping
across them does not require much energy.

Comparison of latex cement paste and carbon fiber
latex cement paste shows that the resistivity is decreased
by the fiber addition, but the extent of the decrease is
much less than that in the case of adding fibers to silica
fume cement paste. Moreover, adding fibers to latex ce-
ment paste does not affect the activation energy, in con-
trast to the large increase in activation energy upon adding
fibers to silica fume cement paste. Comparison of carbon
fiber silica fume cement paste and carbon fiber latex
cement paste shows that the replacement of silica fume
with latex increases the resistivity and decreases the activa-
tion energy to values below those of plain cement paste.
These characteristics are attributed to the lower ability of

w xlatex compared to silica fume for dispersing the fibers 19
and the electrical insulation ability of latex, which resides

w xat the fiber–matrix interface 20 . Hence, like cement
pastes without carbon fibers, carbon fiber latex cement
paste is not attractive for use as thermistors.

The activation energy for hopping from carbon fiber to
carbon fiber in a polymer–matrix composite ranges from

Ž .0.01 to 0.1 eV Section 3 . The polymer matrix is not
conducting, so hopping from fiber to fiber is necessary.
However, the cement matrix is conducting, so hopping
between fiber and cement paste is sufficient for conduc-
tion. It appears that hopping between fiber and cement

Ž .matrix without latex but with silica fume requires more
energy than hopping from fiber to fiber. This is reasonable
due to the weak bond between carbon fiber and the cement

w xmatrix 21,22 . Hence, carbon fiber silica fume cement–
matrix composites are more attractive than carbon fiber
polymer–matrix composites for use as thermistors. The
cement–matrix composites are not as attractive as silicon
Ž .a semiconductor , which has an activation energy of 0.56

Ž .eV half of the energy band gap , but are more attractive
Ž .than germanium a semiconductor , which has an activa-

Fig. 6. Plot of the critical voltage vs. temperature during heating and
cooling for carbon fiber silica fume cement paste.
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Table 3
Resistivity, critical voltage and activation energy of five types of cement paste

Ž .Formulation Resistivity at 208C Critical voltage Activation energy eV
Ž . Ž .V cm at 208C V Heating Cooling

5Ž .Plain 4.87"0.37 =10 10.80"0.45 0.040"0.006 0.122"0.006
5Ž .Silica fume 6.12"0.15 =10 11.60"0.37 0.035"0.003 0.084"0.004
4Ž .Carbon fibersqsilica fume 1.73"0.08 =10 8.15"0.34 0.390"0.014 0.412"0.017
5Ž .Latex 6.99"0.12 =10 11.80"0.31 0.017"0.001 0.025"0.002
4Ž .Carbon fibersq latex 9.64"0.08 =10 8.76"0.35 0.018"0.001 0.027"0.002

tion energy of 0.34 eV. On the other hand, cement–matrix
composites are much less expensive than the semiconduc-
tors.

Presumably due to thermal degradation, the resistivity
of cement–matrix composites is higher during cooling than
during the initial heating. As a result, the activation energy
is higher during cooling than during heating. For thermis-
tor applications, the behavior during cooling is more rele-
vant, due to its relative stability.

The deviation from linearity of the current–voltage
characteristic corresponds to the resistivity decreasing with
increasing electric field. This effect is attributed to Joule
heating and the decrease of the resistivity with increasing
temperature. The critical voltage is lower for cement pastes
containing carbon fibers than those without fibers, proba-
bly because of the lower resistivity when fibers are pre-
sent. Carbon fiber silica fume cement paste has lower
resistivity and lower critical voltage than carbon fiber latex
cement paste.

3. Continuous carbon fiber polymer–matrix composites

The origin of the ability of a continuous carbon fiber
polymer–matrix composite for sensing temperature lies in
the effect of temperature on the DC contact electrical
resistivity of the junction between crossply fiber groups

Fig. 7. Temperature sensor array in the form of a carbon fiber polymer–
matrix composite comprising two crossply laminae.

Ž .one or more tows in a group in two adjacent crossply
laminae of the composite. Temperature increase causes this
resistivity to decrease reversibly, so that the resistance
provides a measure of the temperature. This thermal phe-
nomenon is due to the activation energy for electron
jumping from one lamina to the other.

A carbon fiber polymer–matrix composite temperature
detector can be in the form of two layers of fibers that are
908 from one another. Each junction of the 08 and 908 fiber

Ž .groups multiple tows per group is an independent detec-
Ž .tor Fig. 7 . The crossing fiber groups serve as electrical

leads for a detector, which is the junction of the crossing
Ž .fiber groups Fig. 8 . The contact resistivity of each cross-

ing can be best measured by using the four-probe method,
Ž .in which two probes A and D are for passing the current

Ž .and two probes B and C are for measuring the voltage.
ŽThe two-probe method is simpler but less accurate; it uses
two probes so that the current and voltage probes are not

Ž .Fig. 8. a A single temperature sensor in the form of a junction between
Ž .two crossply lamina top view . The contact resistivity of the junction is

measured by using current probes A and D and voltage probes B and C.
Ž .The fibers serve as electrical leads. b A junction between two unidirec-

Ž . Ž . Ž .tional laminae side view . In both a and b , the arrows indicate the
current path.
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Table 4
Ž .Carbon fiber and epoxy matrix properties according to ICI Fiberite

( )10E-Torayca T-300 6 K untwisted, UC-309 sized
Diameter 7 mm

y3Density 1.76 g cm
y3Electrical resistivity 2.2=10 V cm

Tensile modulus 221 GPa
Tensile strength 3.1 GPa

976 epoxy
Ž .Process temperature 3508F 1778C
Ž .Maximum service temperature 3508F 1778C dry
Ž .2508F 1218C wet

Flexural modulus 3.7 GPa
Flexural strength 138 MPa
T 2328Cg

y3Density 1.28 g cm

separate and the contact potential resulting from the con-
tact resistance of each probe is included in the measured

.voltage. In the four-probe method, the current flows from
current probe A along one fiber group, turns to the
through-thickness direction and flows through the crossing
from one fiber group to the other; and then turns direction
again to flow along the other fiber group towards current
probe D. The voltage between probes B and C gives the
voltage across the junction. The voltage divided by the
current is the resistance of the junction. The resistance
multiplied by the junction area is the contact resistivity of
the junction. The array of junctions in Fig. 7 allows
determination of the location on the composite at which
heat is applied. Computer data acquisition allows the con-
tact resistivity of the junctions in the array to be measured
one junction at a time, so that the whole array is measured
in a reasonably short time. As the fiber groups serve as
electrical leads, no wiring is needed. Not all the groups
need to serve as leads, because the spatial resolution of the
heat detection does not need to be excessive.

The top two fiber layers of a composite structure capa-
Ž .ble of temperature detection should be crossply Fig. 7 .

The layers below can be in other lay-up configurations.
The fibers in the top two layers should be longer than
those in the other layers in order to facilitate electrical
connection.

The fractional change in contact resistivity per degree
ŽCelsius is around y0.13% to y1.10% negative because

.the resistivity decreases upon heating for a carbon fiber
epoxy–matrix composite, as reported in this paper. The
greater is the volume fraction of the fibers, the higher is
the interlaminar stress, the greater is the activation energy,
and the larger is the magnitude of the fractional change in
contact resistivity per degree Celsius.

A thermocouple array can be used to provide spatially
resolved temperature detection. However, a thermocouple
array requires much wiring. In addition, the thermocouple
tips must be at or near the outer surface of the composite
structure. If the thermocouples are embedded in the com-

posite, they are intrusive and degrade the mechanical
properties of the composite. If the thermocouples are at-
tached on the surface of the composite, they can come off
easily. Therefore, in practice, a thermocouple array is not
feasible for spatially resolved temperature sensing.

3.1. Experimental methods

Two laminae of unidirectional carbon fiber epoxy–ma-
Ž .trix prepregs Table 4 in the form of strips crossing one

Ž .another, with one strip on top of the other Fig. 8 , were
Žfabricated into a composite at the overlapping region 6

.mm=6 mm of the two laminae by applying pressure and
Ž .heat to the overlapping region without a mold . The

pressure was provided by a weight, which was varied in
order to vary the pressure. A glass fiber epoxy–matrix
composite spacer was placed between the weight and the

Ž .junction the overlapping area region of the two strips .
The heat was provided by a Carver hot press. A Watlow
model 981C-10CA-ARRR temperature controller was used
to control the temperature and the ramping rate. Each of
the samples was put between the two heating platens of the
hot press and heated linearly up to 175"28C at the rate of
2.58C miny1. Then it was cured at that temperature for 10
h and subsequently cooled linearly to 50"28C at the rate
of 0.188C miny1. After that, the sample was reheated up to
150"28C and then cooled back to 50"28C. Both the
reheating and the subsequent cooling were linear and at the
rate of 0.158C miny1. After the reheating and cooling, the
sample was heated linearly up to 150"28C again at the
rate of 18C miny1 and then cooled linearly back to 50"

28C at the rate of 0.158C miny1. All the time, the contact
electrical resistance and the temperature of the sample
were measured, respectively, by a Keithley 2001 multime-
ter and a T-type thermocouple, which was put just beside
the junction. Electrical contacts were made to the four ends

Fig. 9. Variation of contact electrical resistivity with temperature during
y1 Ž .heating and cooling at 0.158C min a for sample made without any

Ž .curing pressure, and b for sample made with a curing pressure 0.33
MPa.
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Fig. 10. Arrhenius plot of log contact conductivity vs. inverse absolute
y1 Ž .temperature during heating at 0.158C min a for sample made without

Ž .any curing pressure, and b for sample made with curing pressure 0.33
MPa.

of the two strips, so as to measure the contact electrical
Žresistivity resistance multiplied by contact area, which is

.the area of the overlapping region between the two lami-
Ž .nae in the composite, using the four-probe method Fig. 8 .

The epoxy at the ends of each prepreg strip was burned out
to expose the carbon fibers for the purpose of making
electrical contacts. These exposed fibers were wrapped by
pieces of copper foil, with silver paint between the copper
foil and the fibers. The electric current flowed from A to
D, such that the dominant resistance was the contact
resistance, as the volume resistance of the strips was
negligible in comparison. The voltage between B and C is
the voltage between the two laminae.

3.2. Results and discussion

The current–voltage characteristic is linear for all sam-
ples studied. Fig. 9 shows the variation of the contact
resistivity r with temperature during reheating and subse-c

quent cooling, both at 0.158C miny1, for samples cured at
0 and 0.33 MPa. The corresponding Arrhenius plots of log

Ž .contact conductivity inverse of contact resistivity vs.
inverse absolute temperature during heating are shown in

Ž .Fig. 10. From the slope negative of the Arrhenius plot,
which is quite linear, the activation energy can be calcu-
lated. The linearity of the Arrhenius plot means that the
activation energy does not change throughout the tempera-
ture variation. This activation energy is the energy for
electron jumping from one lamina to the other. Electronic
excitation across this energy enables conduction in the
through-thickness direction. This activation phenomenon is
common in the electrical conduction of composite materi-
als with an insulating matrix and an electrically conducting

Ž .filler whether particles or fibers . Based on volume resis-
tivity measurement, an activation energy in the range from
0.060 to 0.069 eV has been previously reported for short

w xcarbon fiber polymer–matrix composites 18 . Direct mea-
surement of the contact resistivity is impossible for the
short-fiber composites.

A slightly concave shape is present in the Arrhenius
Ž .plots obtained during heating as well as cooling Fig. 10 .

This shape means that the activation energy increases
slightly with increasing temperature. On the other hand,
the interlaminar thermal stress decreases with increasing
temperature, as explained in the next paragraph. Thus, this
curvature cannot be explained by considering the effect of
the thermal stress on the activation energy. The curvature
is probably because of the change in the moisture content,
which decreases with increasing temperature. Moisture
makes the epoxy matrix dilate slightly, thus diminishing
the proximity among the fibers and decreasing the contact
conductivity of the interface. As a consequence, a moisture
content decrease causes the conductivity to increase.

The activation energies, thicknesses and room tempera-
ture contact resistivities for samples made at different
curing pressures and composite configurations are shown
in Table 5. All the activation energies were calculated
based on the data at 758–1258C. In this temperature regime,
the temperature change was very linear and well-con-
trolled. From Table 5 it can be seen that, for the same

Ž .composite configuration crossply , the higher was the
curing pressure, the smaller was the composite thickness
Ž .because of more epoxy being squeezed out , the lower
was the contact resistivity, and the higher the activation
energy. A smaller composite thickness corresponds to a

Table 5
Activation energy for various composites
The standard deviations are shown in parentheses.

Ž .Composite Curing Composite Contact Activation energy eV
configuration pressure thickness resistivity Heating at Heating at Cooling at

y1 y1 y1Ž . Ž .MPa mm rco 0.158C min 18C min 0.158C min
2Ž .V cm

y5 y5 y6Ž . Ž . Ž .Crossply 0 0.36 0.73 0.0131 2=10 0.0129 3=10 0.0125 8=10
y5 y5 y5Ž . Ž . Ž .0.062 0.32 0.14 0.0131 4=10 0.0127 7=10 0.0127 4=10
y5 y5 y5Ž . Ž . Ž .0.13 0.31 0.18 0.0168 3=10 0.0163 4=10 0.0161 2=10
y5 y5 y5Ž . Ž . Ž .0.19 0.29 0.054 0.0222 3=10 0.0223 3=10 0.0221 1=10

y4 y4 y4Ž . Ž . Ž .0.33 0.26 0.0040 0.118 4=10 0.129 8=10 0.117 3=10
y5 y5 y5Ž . Ž . Ž .Unidirectional 0.42 0.23 0.29 0.0106 3=10 0.0085 4=10 0.0081 2=10
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higher fiber volume fraction in the composite. During
curing and subsequent cooling, the matrix shrinks. For
carbon fibers, the modulus in the longitudinal direction is
much higher than that in the transverse direction. More-
over, the carbon fibers are continuous in the longitudinal
direction. Thus, the overall shrinkage in the longitudinal
direction tends to be less than that in the transverse
direction. In other words, there is CTE difference between
the longitudinal and transverse directions and hence, a
CTE mismatch between any two crossply layers. There-
fore, there will be a residual interlaminar stress in the two
crossply layers in a given direction. The stress is compres-
sive in the longitudinal direction and tensile in the trans-
verse direction. This stress accentuates the barrier for the
electrons to jump from one lamina to the other. After
curing and subsequent cooling, heating will decrease the
thermal stress. Both the thermal stress and the curing stress
contribute to the residual interlaminar stress. Therefore, the
higher the curing pressure, the larger the fiber volume
fraction, the greater the CTE mismatch between the
crossply laminae, the greater the residual interlaminar
stress, and the higher is the activation energy, as shown in
Table 5. Besides the residual stress, thermal expansion can
also affect the contact resistance by changing the contact
area. However, calculation shows that the contribution of
thermal expansion is less than one-tenth of the observed
change in contact resistance with temperature.

The activation energy increased gradually with increas-
ing curing pressure from 0 to 0.19 MPa, but increased
abruptly from 0.02 to 0.12 eV when the curing pressure
was increased from 0.19 to 0.33 MPa. The abrupt increase
at high pressure is probably not due to the interlaminar
stress abruptly increasing, but is probably due to another
phenomenon that occurred at the high curing pressure of
0.33 MPa. This phenomenon has not been investigated, but
one possibility is that the pressure greatly increased the
proximity of the fibers, as suggested by the abrupt drop in
contact resistivity when the curing pressure was increased

Ž .from 0.19 to 0.33 MPa Table 5 . The proximity may
allow tunnelling of the electrons across the epoxy between
fibers of adjacent laminae, at least at certain points with
sufficient proximity. Another possibility is the pressure
increasing the anisotropy of the matrix and thereby accen-
tuating the barrier for electron jumping from one lamina to
the other.

The curing pressure for the sample in the unidirectional
composite configuration was higher than that of any of the

Ž .crossply samples Table 5 . Consequently, the thickness
was the lowest. As a result, the fiber volume fraction was
the highest. However, the contact resistivity of the unidi-
rectional sample was the second highest rather than being
the lowest, and its activation energy was the lowest rather
than the highest. The low activation energy is consistent
with the fact that there was no CTE or curing shrinkage
mismatch between the two unidirectional laminae and, as a
result, no interlaminar stress between the laminae. This

low value supports the notion that the interlaminar stress is
important in affecting the activation energy. The high
contact resistivity for the unidirectional case can be ex-
plained in the following way. In the crossply samples, the
pressure during curing forced the fibers of the two laminae
to press on to one another and hence, contact tightly. In the
unidirectional sample, the fibers of one of the laminae just
sank into the other lamina at the junction, so pressure
helped relatively little in the contact between fibers of
adjacent laminae. Moreover, in the crossply situation, ev-
ery fiber at the lamina–lamina interface contacted many
fibers of the other lamina, while, in the unidirectional
situation, every fiber had little chance to contact the fibers
of the other lamina. Therefore, the number of contact
points between the two laminae was less for the unidirec-
tional sample than the crossply samples. Fig. 9 also shows
a small irreversible decrease in the room temperature
contact resistivity after a heating–cooling cycle. This is
mainly due to the decrease in moisture content during
heating, as shown by testing specimens having various
moisture contents, as attained by allowing the specimens to
sit in air for different lengths of time. The irreversibility

Žvanished when the temperature change was small e.g.,
.temperature changing from 208 to 1008C . The larger the

temperature change, the more significant the irreversibility.
The slight irreversibility is consistent with the fact that the
activation energy obtained during cooling was slightly less

Ž .than that obtained during heating Table 5 . Table 5 also
shows that the heating rate essentially did not affect the
activation energy.

4. Conclusion

Carbon fiber silica fume cement paste was found to be
an effective thermistor. The electrical resistivity decreased

Ž .with increasing temperature 18–458C , with an activation
Ž .energy of electrical conduction electron hopping of 0.4

ŽeV, which is comparable to those of semiconductors typi-
.cal thermistor materials and higher than that of carbon

fiber polymer–matrix composites. Without carbon fibers,
or with latex in place of silica fume, the activation energy
is much lower and the resistivity is higher. The voltage
range for linear current–voltage characteristic is narrower
when fibers are present than when fibers are absent. Lin-
earity occurred up to 8 V for carbon fiber silica fume
cement paste at 208C.

An epoxy–matrix continuous carbon fiber composite
comprising two crossply laminae was a thermistor array.
Each junction between crossply fiber tow groups of the
adjacent laminae was a thermistor, while the fiber groups
served as electrical leads. The contact electrical resistivity
of the junction decreased reversibly upon heating, due to
the electron hopping between the laminae. The fractional
change in contact resistivity provided an indication of
temperature. The contact resistivity decreased with increas-
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ing pressure during composite fabrication, due to increase
in pressure exerted by fibers of one lamina on those of the
other lamina. The magnitude of the fractional change in
contact resistivity per degree Celsius increased with in-

Ž .creasing curing pressure fiber volume fraction , due to the
increase in interlaminar stress with increasing fiber volume
fraction and the consequent increase in activation energy.
A crossply junction is much better than a unidirectional
junction as a thermistor, due to the absence of interlaminar
stress in the latter.
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