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The following conclusions can be drawn from
the above study: (1) Pyrolysis of phosphoric acid
pretreated viscose rayon cloth under a carbon dioxide
atomosphere leads to widening of pores above MHTT
850°C. (2) In the case of chars prepared under a
nitrogen atmosphere, pre-treatement of the precursor
with phosphoric acid tends to inhibit sintering of the
pores even at high temperatures.
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Due to the importance of carbon fibers for structural
composites, much attention has been given to the
mechanical properties of carbon fibers. Considerable
attention has also been given to the electrical properties
of carbon fibers, because the electrical properties shed
light on the electronic structure and are relevant to the
electromagnetic interference shielding effectiveness and
lightning protection of carbon fiber composites.
However, little attention has been given to the
electromechanical behavior, which refers to the electrical
behavior as affected by mechanical stress [1-5]. The
electromechanical behavior is relevant to the use of a
carbon fiber as a strain/stress sensor and to the ability of
a carbon fiber composite to sense its own strain/stress
and damage [6]. Due to the importance of sensing in
smart structures and the close relationship between
strain/stress sensing and the electromechanical behavior,
the electromechanical behavior of materials is of much
current interest. Furthermore, study of the electro-
mechanical behavior provides fundamental information
on the effect of stress on the structure of the material.
For these reasons, this paper addresses the
electromechanical behavior of carbon fibers.

Previous electromechanical study of carbon
fibers reported that, for low-modulus carbon fibers, the
electrical resistance increases reversibly with tensile

strain and decreases reversibly with compressive strain,
mainly due to dimensional change rather than resistivity
change [1-5]. However, fiber damage must occur at
high strains prior to fracture and damage is expected to
cause the fiber resistivity to increase irreversibly, though
the irreversible effect was not investigated in previous
work. The practical implication is that an irreversible
resistivity increase in the fiber may be used as an
indicator of fiber damage. The objective of this paper is
to investigate the correlation between irreversible
resistivity increase, irreversible strain and elastic
modulus decrease, so as to evaluate the effect of fiber
damage on the fiber resistivity.

The carbon fiber used was 10E-Torayca T-300
(unsized, PAN-based), diam. 7 mm, density 1.76 g/cm3,
tensile modulus 221 + 4 GPa, tensile strength 3.1 £ 0.2
GPa and ultimate elongation 1.4%. The electrical
resistivity was (2.2 £ 0.5) x 107 Q.cm, as measured by
using the four-probe method and silver paint electrical
contacts on single fibers. Single fiber electromechanical
testing was conducted by measuring the electrical
resistance during static and cyclic tension. The DC
resistance was measured by using the four-probe
method, using silver paint for the electrical contacts. The
outer two contacts (50 mm apart) were for passing a
current; the inner two contacts (40 mm apart) were for
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Fig. 1 Configuration for single fiber electromechanical
testing. The single fiber (solid vertical line) is adhered to a
sheet of paper (shaded area) using adhesive (dotted circles)
such that the points of adhesion are 40 mm apart. The
four silver paint electrical contacts (small rectangles) are
such that the outer contacts are 34 mm apart and the inner
contacts are 14 mm apart. The sheet of paper has a
rectangular hole cut in its middle. The inner contacts are
within the hole.

voltage measurement (Fig. 1). A Keithley 2001
multimeter was used. Away from the four contacts, the
single fiber was attached vertically with adhesive (60 mm
apart) to a piece of paper with a rectangular hole cut in it.
Prior to vertical tension application, the paper was cut
horizontally along the dashed lines shown in the figure.
The tension was under load control, as provided by a
screw-type mechanical testing system (Sintech 2/D).
The crosshead speed was 0.1 mm/min. The strain was
obtained from the crosshead displacement.

Fig. 2 shows typical plots of the fractional
increase in resistance (AR/R,), stress and strain
simultaneously obtained during static tensile testing to
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Fig. 2 DR/R,, stress and strain simultaneously obtained
during static tension up to failure.
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Fig. 3 Plots of DR/R, vs. time and of strain vs. time during
two cycles of cyclic tension at a maximum stress of (a)
18.8% of the fracture stress, (b) 58.1% of the fracture stress
and (c) 83.0% of the fracture stress.

failure. AR/R, increased monotonically with strain/
stress, with a slight negative deviation from linearity.
The extent of negative deviation varied from sample to
sample. About 10% of the samples were anomalous in
that AR/R, decreased a little before increasing
monotonically. This anomaly was also reported in [1].
Table 1 shows the analysis of the results in Fig. 2a. The
strain sensitivity, given by the measured AR/R,, divided
by the strain, was 1.8 - 1.9 throughout the whole strain
range. The AR/R, calculated from the change in
dimensions was less than, but quite close to, the
measured AR/R, at every strain value.

Fig. 3 shows plots of AR/R, vs. time and strain
vs. time, simultaneously obtained during the first
2 cycles of tensile loading at stress amplitudes equal to
18.8%, 58.1% and 83.0% of the fracture stress
respectively. Table 2 shows the analysis of such results
for five values of the stress amplitude. The strain and
AR/R, were totally reversible at low values of the stress
amplitude (up to 58.1% of the fracture stress), but their
irreversible components increased with stress amplitude
at high values of the stress amplitude. At the highest
stress amplitude of 83.0% of the fracture stress, the
extent of irreversibility of strain and AR/R, increased
slightly with cycle number (Fig. 3¢ and Table 2). At the
intermediate stress amplitude of 58.1% of the fracture
stress, the strain was totally reversible but AR/R, was
not (Fig. 3b). A nonzero irreversible portion of AR/R,
was associated with a nonzero fractional decrease in the
elastic modulus from the first cycle to the second cycle.
The greater the irreversible portion of AR/R,, the greater
was the fractional decrease in modulus. The strain
sensitivity, given by the reversible portion of AR/R,
divided by the reversible strain, was 1.9 - 2.3 at all
stress amplitudes for both Cycles 1 and 2. The AR/R,
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Table 1 Electromechanical behavior under static tension. (Data correspond to Fig. 2a.)

AR/R, (10”) Strain
sensitivity
Strain (%)
Measured Calculated* Measured Calculated
0.40 7.4 6.2 1.9 1.5
0.50 8.8 7.7 1.8 1.5
0.60 11 9.2 1.8 1.6
0.70 13 10 1.9 1.6
0.80 14 12 1.8 1.6
0.90 16 14 1.8 1.6
1.0 19 16 1.9 1.6
1.1 21 17 1.9 1.6

* Calculated from change in dimensions.

AR
R 1-2ve

l+¢

* AR/R, divided by the strain.

calculated from the change in dimensions was less than
the measured reversible AR/R,, at every stress amplitude.

Comparison of the calculated and measured
reversible AR/R, shows that dimensional change is the
main cause of the observed reversible resistance change.
However, dimensional change does not account for all of

= —1, where ¢ = strain and v = Poisson's ratio = (.27

the observed reversible resistance change. A reversible
structural change that gives rise to a resistivity change
may contribute to the cause. A structural change upon
tension of heat-treated benzene-derived graphite fibers
had been suggested by Raman scattering [4].

The observed irreversible resistance change is

Table 2 Electromechanical behavior under cyclic tension

Maximum stress 18.8%" 38.5%* 58.1%° 73.1%" 83.0%°
fracture stress
Strain (%)
Reversible
Cycle 1 0.22+0.02 | 0.41+0.05 0.65%0.08 0.73£0.10 0.86+0.10
Cycle 2 0.2240.02 | 0.41+0.06 0.65+0.10 0.7240.13 0.85+0.12
Irreversible
Cycle 1 0.00+0.00 | 0.00+0.00 0.00+0.00 0.0410.01 0.05+0.02
Cycle 2 0.00+0.00 | 0.00+0.00 0.00+0.01 0.05+0.01 0.07+0.02
DR/R, (107)
Reversible
Cycle 1 5.00+£0.55 | 7.80%0.73 12.51+1.11 14.61+1.61 18.40+2.51
Cycle 2 5.00+0.64 | 7.80£0.92 12.50+1.23 14.58+1.82 18.13+2.84
Irreversible
Cycle 1 0.00£0.00 | 0.00+0.00 1.50£0.21 2.20+0.33 4.00+0.78
Cycle 2 0.00£0.00 | 0.001£0.01 1.5210.32 2.27+0.54 4.65+0.93
Calculated * 3.4 6.3 10.0 11.9 14.1
Strain sensitivity*
Cycle 1 2.2740.13 | 1.90+0.76 1.92+0.13 2.0010.21 2.14+0.19
Cycle 2 2.27+0.14 | 1.90+0.85 1.9240.12 2.0310.22 2.131£0.20
Elastic modulus (GPa)
1st cycle 230 226 228 221 225
2nd cycle 229 225 225 214 213
Fractional decrease 0 0 1% 3% 5%
in modulus from 1st cycle
to 2nd cycle

* Calculated from change in dimensions.
AR l+¢
R 1-2ve

—1, where £ = strain and v =Poisson's ratio = (.27

* Reversible AR/R, divided by the reversible strain.

® 5 samples tested. ° 4 samples tested.

¢ 3 samples tested.



attributed to damage, as supported by the accompanying
decrease in the elastic modulus. Damage occurs at stress
amplitudes > 58.1% of the fracture stress and increases
with increasing stress amplitude. Irreversible strain
occurs at stress amplitudes = 73.1% of the fracture stress
and increases with increasing stress amplitude. Thus,
damage occurs not only when there is irreversible strain,
but also at a stress amplitude of 58.1% of the fracture
stress, at which the strain is totally reversible. This
suggests that damage can occur even in the regime of
elastic deformation.

The strain sensitivity values given in Table 1 are
slightly lower than those of Table 2 because the total
strain was considered in Table 1 and the reversible strain
was considered in Table 2. Nevertheless, in both cases,
the strain sensitivity is quite independent of strain/stress
for essentially the whole range of strain/stress up to
fracture. The strain sensitivity values are higher than the
values in the range 1.3 - 1.7 reported in [1] (probably
due to the difference in carbon fiber), but are close to
those in the range 1.95 - 2.02 reported in [2].

Even at a stress amplitude of 83.0% of the
fracture stress, the irreversible portion of AR/R, is much
smaller than the reversible portion. Therefore, the use of
the carbon fiber as a strain/stress sensor is possible. The
irreversible portion, on the other hand, can be useful as
an indicator of the amount of damage, so that the carbon
fiber becomes a sensor of its own damage. This damage
should be distinguished from fiber breakage, which
would cause the irreversible AR/R, to be «. The
increase in the irreversible portion of AR/R, with cycle
number suggests the possibility of the fiber to monitor its
own fatigue damage, though fatigue testing was not
conducted in this work.

Strain sensitivities similar to those in Table 1
were obtained upon static tension using Amoco's
Thornel P-25-X carbon fibers (11 um diameter, 0.9%
ultimate elongation, 160 = 8 GPa tensile modulusl
1.4 + 0.4 GPa tensile strength and (6.1 £ 0.7) x 107
Q.cm resistivity) instead of Torayca T-300. For
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P-25-X, the measured strain sensitivity at 0.2 - 0.7%
strain ranged from 1.8 to 1.9 and the calculated values
ranged from 1.5 to 1.6.

In summary, this work showed that (i) the
electromechanical behavior of carbon fiber is not totally
reversible when the tensile stress is 2 58.1% of the
fracture stress, though the irreversible resistance change
is small compared to the reversible resistance change,
(ii) the reversible resistance change is mainly due to the
dimensional change associated with elastic deformation,
though the dimensional change cannot explain the entire
reversible resistance change, (iii) the irreversible
resistance change is associated with an irreversible
decrease in the tensile modulus and, in most cases, is
also associated with an irreversible strain, (iv) the
irreversible resistance change increases with tensile
stress and increases slightly with tensile cycle number
(from 1 to 2), (v) the irreversible resistance increase is
attributed to fiber damage, and (vi) the strain sensitivity
(reversible AR/R,, per unit reversible strain) is 1.9 - 2.3
and is quite independent of stress or cycle number (from
1 to 2).
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Smart materials comprise materials that have one or both
of the following functions - sensing and actuation.
Sensing refers to the sensing of strain or stress, while
actuation refers to providing strain or stress. The signal
sensed and the signal that actuates can be electrical,
magnetic or optical. For example, piezoelectric,
piezoresistive, electrostrictive and electrorheological
effects involve an electrical signal; magnetostrictive and
magnetorheological effects involve a magnetic signal;
while optical fibers and the photoelastic effect involve an
optical signal.

A relatively new effect is the electromechanical
effect in intercalated graphite. This effect involves the
reversible expansion of intercalated graphite by up to
4500% parallel to the c-axis upon passing an electric
current in the same direction; the equivalent stress
generated is up to 3 MPa [1,2]. In other words,
intercalated graphite is an actuator that responds to an
electrical signal, which heats the sample, thereby causing
reversible exfoliation expansion, at 100°C in the case of
graphite intercalated with bromine [3]. The heating may
be provided by an optical beam instead. The use of
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Fig. 1. Set-up for optomechanical testing.

infrared and laser heating methods had been previously
used for irreversible exfoliation [4], but not for
reversible exfoliation. Reversibility is essential for
switching. The optomechanical effect is expected to be
practically useful for adaptive optics, optically controlled
movement and smart thermal/electrical contacts. In this
work, the optomechanical switching was observed and
characterised.

The sample used was a graphite-bromine residue
compound based on highly-oriented pyrolytic graphite
(HOPG), of size 4.2 x 3.3 x 1.0 mm, and containing
1.9 mol% Br,. Intercalation was carried out by
exposure to bromine vapor in air at room temperature to
attain stage 2, followed by intercalate desorption below
100°C. The optomechanical effect was observed by
directing unfocused 400-500 mW white light (150 W
tungsten-halogen lamp, via an optical fiber bundle of
diameter 3 mm) onto the sample (4.2 x 3.3 mm) and
measuring the strain optically during irradiation
switching. The set-up (Fig. 1) consisted of a Michelson
interferometer in which the moveable lightweight mirror
M1 was mounted on the sample being studied. The
second mirror (M2) was stationary. The sample surface
perpendicular to the c-axis was illuminated from the back
by the white light, which induced a change 8z in the
near-surface sample thickness along the c-axis. Mirror
M1 traveled by the same amount toward the beam splitter
and caused the movement of 28z/A interference fringes
on the photo-diode detector, which were recorded by the

counter. A weak (5 mW) He-Ne laser (A = 6328 A)
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Fig. 2. Displacement (expansion) versus time during
cycles 2 and 3 of optomechanical switching.
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Fig. 3. Displacement (expansion) versus time during
cycles 4 - 23 of optomechanical switching.

was used as a probe beam for the observation of the
interference fringes so as to measure the amount of
expansion or contraction. The resolution in &z was
500A.

The whole sample expanded uniformly and
reversibly along the c-axis during light irradiation, as
shown in Fig. 2 for cycles 2 and 3 and in Fig. 3 for
cycles 4 - 23. Upon removal of the light irradiation, the
contraction along the c-axis was also uniform. Even
though the light beam size was smaller than the sample
size, the whole sample expanded. This is due to the
high in-plane thermal conductivity. Only the limited
depth of the sample near the irradiated surface expanded
as the expansion was less than 5 um. The expansion
varied from cycle to cycle, as shown in Fig. 3, probably
because of the slight variation of the depth of optical
heating from cycle to cycle. The rise/fall time was 15 s
for the main (initial) parts of the rise and fall. No
correlation was found between the expansion and the
intercalate concentration.

Irradiation using an argon-ion laser beam
(wavelength = 5145 Aata power of 400 mW) instead of
white light gave results similar to Figs. 2 - 3. Upon
increasing the argon laser power (from 0 to 1 W), no
change of the fringe shape was observed. This means
that the sample underwent negligible dimensional change
in the in-plane directions during the expansion along the
c-axis.

The observed optomechanical effect differs from
the related electromechanical effect in the same material
[1,2] in that the expansion is much larger, and the fall
and rise times are much shorter in the latter. The large
expansion in the electromechanical effect is because the
whole thickness of the sample expanded. The short rise
time in the electromechanical effect is because direct
Joule heating rather than optical heating was involved.
In spite of the low expansion and long rise and fall times
in optomechanical switching, the phenomenon is
attractive in its requiring no electrical contacts, in
contrast to this requirement in electromechanical
switching. This makes it easier 10 implement.

In conclusion, optomechanical actuation was
achieved reversibly using highly oriented pyrolytic
graphite intercalated with bromine (1.9 mol% Br,).
White light from a 150 W tungsten-halogen lamp was
used for optomechanical switching. The displacement
was ~4 um and occurred only along the c-axis of the
graphite and for the limited depth of the sample near the



irradiated surface. The expansion was uniform across
the whole plane perpendicular to the c-axis, even though
the switching beam was smaller than this plane. The rise
and fall times were ~15 s. The origin of the
optomechanical effect is the reversible exfoliation of the
near surface region of the intercalated graphite.
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Discussion of the formation of nanometric texture in spherical
carbon bodies
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One of characteristics of carbon materials is a wide
variety of texture. The author has presented a proposal
to classify the texture on a nanometric scale on the basis
of the scheme and the degree of preferred orientation of
the hexagonal carbon layers of basic structural units
(BSUs), as shown in Fig. I [1,2]. These textures are
known to govern the graphitization behavior [3] and also
various properties [2]. In axial and point orientation
schemes, carbon layers are preferentially oriented along
the reference axis and point, respectively, and result in
the formation of various carbon fibers and carbon
spheres. In these orientation schemes, radial and
concentric arrangements of the carbon layers are possible
(Fig. 1). In practice, it is well known that the
mesophase-pitch-based carbon fibers can have different
textures such as radial and concentric textures in their
cross-sections. In carbon blacks, carbon layers are
oriented statistically in a concentric manner, as can be
seen in various structural models in which the details of
the arrangement of each layer are little different from
each other. In mesophase spheres, however, the
orientation scheme of carbon layers is known to be
radial, at least near the surface, as many authors have
confirmed since Brooks and Taylor [4].

However, there has been no explanation and
even no discussion on the reason why these textures are
formed, as far as the author is aware. Why do most of
the mesophase spheres have a Brooks-Taylor type
texture and why not a concentric one? Why do the
carbon blacks have a concentric texture, in contrast to the
mesophase spheres?

In this note we shall discuss the reason why
these two kinds of arrangement of carbon layers, radial
and concentric, are possible by focusing on spherical
carbon bodies.

In Table 1, a brief description of the formation
conditions and the phases involved at the interface
between carbon spheres and their surroundings during
thermal decomposition and subsequent carbonization
processes are summarized, together with the resultant
texture in carbon spheres in six different materials.

The spherical carbon bodies can be classified into
three from their nanometric texture, concentric, radial
and random arrangements of carbon layers. If we draw
our attention to the interface between the sphere and its
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Fig. 1 Classification of nanometric texture in carbon
materials based on the preferred orientation of the carbon
layers in BSUs.

surroundings at the moment of formation, we can
understand that the concentric texture in spherical bodies
is caused always when the interface between different
phases is either liquid/gas, solid/liquid or solid/gas. On
the other hand, the formation of carbon spheres with
radial texture occurs with a liquid/liquid interface. This
correspondence seems to be reasonable because of a
strong interaction between the spheres and their
surroundings during their formation.

The fundamental theory of nucleation and growth
of crystals tells us that the critical radius of a nucleus
depends on the interfacial energy. This interfacial energy
is related strongly to the difference in surface energies
between the two phases in contact at the interface.
During the formation of these spherical particles, BSUs
are composed of a parallel stacking of condensed
aromatic rings. In these units, the anisotropy may be
supposed to be similar to that in graphite layers. If so,
the basal plane of BSUs has much lower surface energy
than the edge plane.



