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ABSTRACT
The thermoelectric force (TEF) measurements on carbon fiber-reinforced
concrete (CFRC) containing short PAN-based carbon fibers~Ql2 wt.%)
and plain concrete are conducted. TEF is observed in CFRC specimens but not
in plain concrete specimens, and the cold end is the positive electrode of TEF
while the warm end is the negative electrode. This phenomenon stems from
the motion of positive hole in carbon fiber. Therefore, besides ion conduction
and electronic conduction, hole conduction exists in CFRC, and hole conduc-
tion is the most important of the three. As a result, the conductivity of
CFRCg) is made up of ionic conductivityo(), hole conductivity ¢,), and
electronic conductivity €,); that is,c = oy + o, + o,. A new conduction
model of CFRC is proposed at the end of the pap@r1998 Elsevier Science
Ltd

Introduction

It is well known that concrete, as a type of widely used engineering material, is a kind of
insulating material. Its structure, component, and mechanical properties have been greatly
researched in recent years, but scientists pay little attention to its electrical properties (1).
Concrete containing carbon fiber can improve its mechanical properties (2) and conductive
properties (3), so it has important applications in the electrical and electronic, military, and
construction industries; for example, it can provide electromagnetic interference shielding
(4), cathodic protection of reinforcing steel in concrete structures (5), and can act as a resistor.
Recent studies about carbon fiber-reinforced concrete (CFRC) show that it can be used as an
intrinsically smart structure material that is capable of non-destructive flaw detection. This
capability, which is critically needed for water dams, bridges, and nuclear power plants, is
based on the notion that the volume electrical resistivity of CFRC changes with compressive
stresses (6—8).

In the field of CFRC conduction mechanics, there are two basic types of electrical
conduction: electronic conduction and ionic conduction (3,9). The former is through the

To whom correspondence should be addressed.
549



550 M. Sunet al. Vol. 28, No. 4

TABLE 1
The properties of carbon fiber.
Diameter  Tensile strength  Tensile modulus Resistivity Density
Item /um /GPa /GPa /Qm Ig-em ™3
Target 7£0.2 =1.95 =175 25.0x 10°° =1.75

motion of free electrons in carbon fiber, and the latter is through the motion of iofs$,(Ca
Na", K*, OH™, SO, etc.) in the pore solution (9).

In this paper, the thermoelectric force (TEF) measurements on CFRC containing short
PAN-based carbon fibers (02 1.2 wt.%) and plain concrete are conducted. We have
discovered the hole conduction phenomenon through experiments.

Experiment Procedure

Materials and Specimens

The short carbon fibers (Shanghai Carbon LTD. CO.) were derived from polyacrylonitrile
(PAN) precursor treated at a heat treatment temperature (HTT) of 2000°C. The nominal fiber
length was 5 mm. The fiber properties are shown in Table 1. The matrix was Portland cement
(525#); the disperser, which was a compound of cellulose and chloroform, was added to
disperse the fibers.

The specimens were made according to Table 2. Water, carbon fiber, and the disperser
were mixed by hand for about 2 min., then this mixture and cement were mixed in the mixer
for 2 min. After pouring the mix into oiled molds (% 4 X 4 cn?), a vibrator was used to
decrease the amount of air bubbles. The specimens were demolded after 1 day, then allowed
to cure at room temperature in air for 28 days. Finally, graphite conductive paste was used
to bond the copper wires to specimens.

TABLE 2
Mix proportions of the specimens.
Fiber Water/Cement  Disperser/Cement
Number (wt. %) ratio (%) (%)
1 0.2 0.3 0.2
2 0.4 0.3 0.4
3 0.6 0.3 0.5
4 0.8 0.3 0.6
5 1.0 0.3 0.8
6 1.2 0.3 1.0
7 0.0 0.3 0.2
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FIG. 1.
The experimental setup.

copper support

Experiment Setup

A UJ36 potentiometer was used to measure thermoelectric force (TEF). The temperature
differential was obtained by means of the upper thermostat and the low thermostat. The
experimental setup is illustrated in Figure 1. The ambient temperature during measurement
was 25°C.

Results and Discussion

TEF values vs. temperature differentialt) with different concentration of carbon fiber are
plotted in Figure 2. As shown in Figure 2, TEF is confirmed to be proportionak.tdt is
interesting to note that the cold end of the specimen is the positive electrode of TEF, the
warm end is the negative electrode. In addition, TEF is not found in plain concrete
specimens.

The relationship between TEF add for a bundle of carbon fibers which contains 1,000
filaments is shown in Figure 3. The same phenomena as CFRC are observed, and the size of
TEF in continuous carbon fiber lies between that occurring in CFRC containing 0.4 wt.%
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FIG. 2.
The relationship betweent and TEF of CFRC.
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FIG. 3.
The relationship betweent and TEF of carbon fiber.
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short carbon fiber and that in CFRC containing 0.6 wt.% short carbon fiber; therefore, TEF
of CFRC only depends on the addition of carbon fiber to concrete.

When PAN-based precursor was treated to between 600°C to 1750°C, the carbonization
process left a large excess of positive holes in the valence band (10). When the temperature
differential is applied to the specimen, the temperature of one end is higher than the other.
Consequently, the concentration of positive holes near the warm end is higher than the cold
end; the difference in density leads to the spread motion of positive hole. The cold end is the
positive electrode due to gaining positive hole, and the warm end is the negative electrode
due to losing positive hole; therefore an electric field is formed between the cold end and the
warm end. Under the electric field, positive hole may drift from the cold end to the warm end;
when the spread motion balances with the drifting motion, steady TEF is formed.

The above analysis is consistent with the experimental results. This leads to the conclusion
that, besides electronic conduction and ionic conduction, hole conduction exists in CFRC and
is the most important among them. As a result, the conductivity of CERiS(made up of
ionic conductivity ¢;), hole conductivity ¢;,), and electronic conductivityo(), that is:

o =0; 1+ 0t oy

or o = ngip; + d(Nette + Nyjtn)

In the experiment, because the carbon fiber content is low there are hardly any contacts
among adjacent fibers (see Fig. 4a). In this condition, positive hole could be thermally excited
and make a leap from one fiber to another; this phenomenon is called tunneling effect in
guantum mechanics (1). With increasing fiber concentration, some fibers are in contact with
each other, and hence form continuous fibers through the entire matrix. The positive hole can
transport through the specimen not only by tunneling effect but also via these continuous
fibers. As the ratio of carbon fiber continues increasing, the connectivity of fibers is improved
and a conductive network is formed, so that the positive hole can transport along this
conductive network (see Fig. 4b).

The above mentioned description can be illustrated by Figure 5b, ¢, and d, where the
conduction model of CFRC is shown.
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A) The content of carbon fiber is 0.2 wt.9) The content of carbon fiber is 0.8 wt.%
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FIG. 5.
The conduction model of CFRC.
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In this conduction model, the conduction of electric current through CFRC containing
short carbon fibers can have four paths:

1. ionic conduction through the free evaporable water in paste;

2. electronic conduction and hole conduction through the fiber and paste in series;

3. electronic conduction and hole conduction through continuous fibers; and

4. electronic conduction and hole conduction through the conductive network of fibers.

As the carbon fiber content is low, current is mainly conducted through paths 1 and 2. With
increasing fiber concentration, paths 2 and 3 are the principal ones. When the ratio of carbon
fiber continues to increase, path 4 is the main one.

Conclusion

TEF is observed in CFRC specimens containing short PAN-based carbon fibers {022
wt.%), and the cold end is the positive electrode of TEF while the warm end is the negative
electrode. This phenomenon stems from the motion of positive hole in carbon fiber. There-
fore, besides ionic conduction and electronic conduction, hole conduction exists in CFRC,
and hole conduction is the most important among them. The conductivity of GHRE(
made up of ionic conductivityo), hole conductivity §,,), and electronic conductivityo(),

that is,o = o, + o, + o},. As shown in the conduction model of CFRC, the conduction of
electric current through CFRC containing short carbon fibers has four paths.
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