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Effect of polymeric precursors on properties of
semiconducting carbon/carbon composites
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Microstructure, oxidation behaviour, and electrical and mechanical properties of quasi-
carbon fibre-reinforced quasi-carbon matrix (QC/QC) composites were investigated. The
composite was prepared by heat treating a QC fibre or OXPAN fibre-reinforced polymer
matrix composite at a temperature of 500 °C. Different polymer precursors have resulted in
the QC/QC composites with varying thermal behaviour. The phenolic matrix derived QC/QC
composites followed a self-acceleration mechanism and had better oxidation resistance
than the polyacrylonitrile (PAN) matrix-derived QC/QC composites. Because of fewer
chemical reactions involved in the pyrolysis process, the QC/QC composites obtained from
QC fibre-reinforced composite precursors exhibited higher flexural modulus and strength
and were superior to those derived from oxidized PAN (OXPAN) fibre-reinforced composite
precursors. Unique semiconducting and switching characteristics have been observed in the
QC/QC composites, which would make them promising for electronic device applications.
( 1998 Chapman & Hall
1. Introduction
The study of carbon/carbon (C/C) composites has
been of interest for more than 30 years. The fabrica-
tion of a conventional C/C composite is usually
involved in a process that heat treats a carbon fibre-
reinforced polymer (e.g. phenolic and pitch) matrix
composite as a precursor at a temperature of
950—1400 °C, then graphitizes it at a temperature up
to 2800 °C [1—4]. Thus, many unique properties of
C/C composites, such as high thermal stability, high
strength and stiffness in high temperature, and good
compatibility with the tissue, have made them attract-
ive for aerospace, automotive and medical applica-
tions. However, other areas of applications may need
to develop a material with other unique chemical and
physical behavior while maintaining these good ther-
mal and mechanical properties. Semiconducting C/C
composite is expected to be a good example of these
types of materials.

The production of the semiconducting C/C compo-
site may follow a similar process used for fabricating
the conventional C/C composite. With the proper con-
trol of the heat-treatment temperature (HTT) below
900 °C (e.g. 500—600 °C), the fibres and the polymer
matrix in the composite are converted to a partially
carbonized state, thus exhibiting a semi-conducting
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characteristic. Such a composite in the current study is
referred to as the quasi-carbon fibre-reinforced quasi-
carbon matrix (QC/QC) composite. In principle, two
types of fibre-reinforced polymer matrix composites
can be utilized to produce QC/QC composites:
(1) polymeric fibre-reinforced composite; (2) partially
carbonized fibre (i.e. QC fibre)-reinforced composite.
For the former, during the fabrication process of the
composite, the partial carbonization simultaneously
converts both the polymeric fibres and the polymeric
matrix into the QC state whereas in the latter case,
only the matrix is partially carbonized because the
fibre component was already in a QC state and may
be less chemically active (unless the HTT exceeds the
original HTT which the QC fibres have experienced).
An example of the first category is the polyacrylonit-
rile (PAN) fibre or the oxidized polyacrylonitrile (OX-
PAN) fibre-reinforced phenolic matrix composite. The
OXPAN/phenolic composite as the QC/QC com-
posite precursor has been studied by several research
groups [5—7]. Markovic et al. [5], in pyrolysing the
precursor with a HTT of 300&1000 °C, revealed that
the simultaneous partial carbonization could weaken
the fibre/matrix adhesion, leading to the destruction of
the fibre materials. Ko et al. [6] also concluded that
the vigorous chemical reactions occurring at the
nt, 1320 S. Main Street, Mansfield, OH 44907, USA.
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fibre/matrix interface during the pyrolysis of OX-
PAN/phenolic composite impaired interfacial bond-
ing and resulted in the deterioration of the mechanical
properties in the resulting QC/QC composite. Hence,
the utilization of the QC fibres as the reinforcement in
the composite precursor will possess an advantage
over that of the OXPAN fibre because the QC fibres
would be relatively inert to the pyrolysis process. In
most of the cases studied, a carbon matrix in the C/C
composite or a quasi-carbon matrix in the QC/QC
composite was derived from phenolic or pitch matrix;
however, according to a recent report [8], the PAN
resin could be another possible source because it has
also been successfully converted into the partially car-
bonized stage. Therefore, in this paper, both phenolic
and PAN matrix composites reinforced with the QC
fibres or the OXPAN fibres will be investigated.
A comparative study on microstructure, thermal be-
haviour, and electrical and mechanical properties of
QC/QC composites derived from these various pre-
cursors would give an improved understanding in
process—structure—property relationship of carbon-
based composites, and help shed some light on the
exploration of their unique properties for electronic
applications.

2. Experimental Procedure
2.1. Materials
Starting materials selected in this study are: (1) PAN
fibres (6K strands, each 1.1 denier and 11.5 lm in
average diameter) provided by RK Carbon Fibre, Inc.;
(2) resol-type phenolic resin (MXR-6055) supplied by
ICI Fiberite; and (3) PAN resin (BAREX) supplied by
BP Chemicals. Both of them were used as the matrix
for the preparation of OXPAN fibre- or QC fibre-
reinforced phenolic and PAN matrix composites. The
OXPAN fibres were obtained by the stabilization
of the PAN fibres at a temperature range of 210&
230 °C for 3 h, and the QC fibres were fabricated
by pyrolysing the OXPAN fibres with a HTT of 500 °C
for 1 h [9—10]. The main properties of OXPAN fibres
and QC fibres are summarized in Table I.

2.2. Preparation of PAN or phenolic matrix
composites

Two steps were involved in the preparation of uni-
directional PAN and phenolic matrix composites. The

TABLE I Main properties of OXPAN fibres and QC fibres

Properties OXPAN fibres QC fibres

Diameter (lm) 11.00 9.40
Density (g cm~3) 1.37 1.61
Bragg’s 2h (degree) 24.4 25.0
Half-peak width (degree) 13.2 7.6
Stacking size (¸

#
, nm) 0.685 1.190

Tensile strength (MPa) 184.9 134.4
Tensile modulus (GPa) 6.43 39.84
Ultimate elongation (%) 16.42 0.339
Electrical resistivity '10 3.736
(logq, ) cm)
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first one was the use of the impregnation technique to
obtain the prepregs which were then subjected to
a curing process to produce composites. Thus, the
phenolic resin was diluted to form a 50% ethyl alcohol
solution which impregnated the aligned OXPAN
fibres or QC fibres in the form of tows with 6K strands
to obtain unidirectional OXPAN fibre— or
QCF—phenolic resin prepregs by converting the im-
pregnated fibres into the ‘‘B’’ stage. The process
was accomplished by heating at 80 °C for 6 min
and subsequently drying under a vacuum for 24 h.
A similar procedure was followed to prepare unidirec-
tional OXPAN fibre— or QC fibre—PAN resin prep-
regs where a 30% PAN solution in N,N-dimethyl
formamide (DMF) was used. The impregnated
fibres were stuck to a thin PAN film which was
obtained by the extrusion process, then evaporated
and dried under a vacuum at room temperature for
48 h.

Unidirectional composites with a fibre volume frac-
tion (»

&
) of approximately 42% were produced in

a rectangular shape with 6.5]1.2 cm in length and
width. Thickness of the laminates was about 0.15 cm,
which varied with the fibre and resin types because of
the density difference. In order to make the resulting
composites comparable, the same amount of fibre
bundles in the form of prepregs was used in each
composite. Thus, the prepregs were cut into the de-
sired geometry, stacked together at 0° direction in
a rectangular mould and cured by a hot-pressing
technique. The PAN matrix composites were obtained
by the compression moulding process at 170 °C for
15 min under an air pressure of 4 MPa (Fig. 1), and the
phenolic matrix composites followed a step-wise cur-
ing process as shown in Fig. 2. The void content was
estimated by scanning electron microscopy (SEM) to
be less than 5% and 10% for the PAN and phenolic
composites, respectively.

Figure 1 Curing process for the fabrication of PAN matrix com-
posites.



Figure 2 Curing process of the fabrication of phenolic matrix com-
posites. (——) Temperature; (— — —) pressure.

2.3. Fabrication of QC/QC composites
There were four polymer composite precursors used
to produce the QC/QC composites by pyrolysis at
a desired temperature in an argon atmosphere: (a) QC
fibre/phenolic composite; (b) QC fibre/PAN com-
posite; (c) OXPAN fibre/phenolic composite; and (d)
OXPAN fibre/PAN composite. Fig. 3 schematically
illustrates the fabrication procedure of the QC/QC
composite. With the current processing practice, the
first three precursors have been successfully converted
into the QC/QC composite which will be discussed in
following sections. The fabrication process was com-
pleted by heat treating either OXPAN fibre- or QC
fibre-reinforced composite precursors at a HTT of
500 °C in an argon atmosphere for 1 h with the heat-
ing rate of 2 °Cmin~1. The specific HTT of 500 °C was
selected in producing QC/QC composites because
partially carbonized products prepared at this HTT
were found to have unusual electrical properties [11].
After the process, a large pyrolysis-induced volume
shrinkage in these QC/QC composites was observed.
The strong chemical reactions between the OXPAN
fibres and the PAN matrix during the partial carbon-
ization were considered to be the cause for obtaining
a C/C composite with considerable amount of cracks
in its surface. The composite was not tested further.

2.4. Characterization techniques
The density (d ) of composites was measured by the
density gradient column method as specified by
ASTM D1505. A density gradient of 0.867—
1.989 g cm~3 was obtained in a 1.10 m long glass tube
by using a mixture of toluene and 1,3-dibromo-
propane. Five small cubic pellet specimens cut from
each composite sample were used to obtain the aver-
age density value.

The microstructure of composites was determined
by a Rigaku model wide-angle X-ray diffractometer
(XRD) with a CuKa radiation source. The stacking
size (¸

#
) of samples was calculated from the half-peak
Figure 3 Schematic illustration of the fabrication procedure for
QC/QC composites.

width (B) of the (0 0 2) reflection, using the well-known
Scherrer equation (Equation 1)

¸
#
"kk/B cos h (1)

where k"0.154 nm, h is the Bragg’s angle and k is
a constant (ca. 1.0).

A Perkin-Elmer TGA-7 (thermogravimetric ana-
lysis) was employed for studying the oxidation be-
haviour of QC/QC composites. The weight loss of
materials was determined by the TGA microbalance
with a sensitivity of 0.001 mg. The composite sample
was cut into a small cube of about 10 mg and then
placed in a platinum sample holder. Both dynamic
and isothermal thermogravimetric scans were per-
formed, using an air flow rate of 80 mlmin~1. The
dynamic TGA scan was carried out with a heating rate
of 20 °C min~1 from 50 to 1200 °C, while the isother-
mal TGA scan was conducted in a temperature range
from 450 to 550 °C. The activation energy (Q) of ma-
terials and the pre-exponential constant (r

0
) for the

oxidation can be attainable by using the Arrhenius
equation (Equation 2)

r"r
0
exp(!Q/k¹ ) (2)

where r is the oxidation rate defined as dm/dt, the first
derivative of the mass loss and k is the Boltzmann
constant.

Mechanical properties of composites were meas-
ured with an Instron testing machine by conducting
the flexural or three point bending test as specified by
ASTM D790 with the sample support span (¸) being
40 mm, the support span-to-depth ratio (¸/d) 16/1 and
a crosshead rate of 1.0 mmmin~1. At least five speci-
mens for each composite sample were tested to obtain
an average value of flexural strength (S) and modulus
(M) according to Equations 3 and 4, respectively

S"3P¸/2bd2 (3)

M"¸3m/4bd3 (4)
1811



where P is the maximum load, m is the slope of tangent
to the initial straight-line portion in the flexural test-
ing curve, and b and d stand for the specimen width
and thickness, respectively.

The standard four-point method with a Hewlett-
Packard (HP) Model-3497A constant current source
was employed to measure the electrical resistance of
composites with silver or aluminum as electrodes.
Typical effective length of the QC/QC composite
sample for the electrical measurement was 2 cm. The
resistivity (q) was determined by the following equa-
tion

q"2p¸R (5)

where R is the measured resistance determined from
»/I data, ¸ is the distance between two voltage
probes. The pyroresistance effect was measured in the
temperature range from 30 to 125 °C to determine the
activation energy (E

!
) for the conduction of semicon-

ducting materials according to Equation 6.

lnq"q
0
#E

!
/k¹ (6)

where q
0

is a material constant. A HP Model-4245A
semiconductor parameter analyser with a d.c. source
was also utilized to obtain a characteristic I—» curve
of semiconducting QC/QC composites with an effec-
tive measurement length of 0.1—0.2 cm.

3. Results and discussion
3.1. Basic features
Table II shows the basic features of QC/QC com-
posites in comparison with those of their precursors.
Because of the density difference of fibre reinforce-
ments, QC fibre-reinforced composites had a larger
density value than the OXPAN fibre-reinforced com-
posite. The three-dimensional network morphology of
phenolic matrix has led to the QC fibre/phenolic com-
posite with a more densified structure than its PAN
matrix counterpart. After the partial carbonization,
the density value of all samples was increased. More
densified precursor also produced a more densified
QC/QC composite, and vice versa. Thus, the QC/QC
composite derived from the QC fibre/phenolic precur-
sor (a) had the highest density value while that from
the OXPAN fibre/phenolic precursor (c) showed the

TABLE II Basic features of QC/QC composites and their precur-
sors

Composites Density Volume shrinkage
(g cm~3) during pyrolysis

(%)

(a) QCF-500/phenolic 1.455 —
(b) QCF-500/PAN 1.325 —
(c) OXPAN fibre/phenolic 1.306 —

QC/QC-500 composites derived from
(a) 1.485 19.9
(b) 1.390 15.4
(c) 1.332 27.1
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Figure 4 A SEM photograph for texture of the QC/QC composite
derived from the OXPAN fibre/phenolic precursor (]600).

lowest value. As a result, both the QCF/phenolic pre-
cursor and its resulting QC/QC composite had a more
compact structure. The various composite precursors
also brought about different degrees of volume shrink-
age during the process. Since the pyrolysis only con-
verted the polymer matrix component to the QC state
in precursor (a) and (b), a smaller volume change has
been observed in these two composites. In contrast,
the process would simultaneously convert both the
fibres and the matrix in the OXPAN fibre/phenolic
composite to the QC stage with an involvement of
strong chemical reactions, thus, leading to a larger
volume shrinkage. In such a QC/QC composite which
was characterized with more defects in the turbo-
stratic carbon structure, the homogeneous morpho-
logy was also observed as seen in Fig. 4, an SEM
photograph taken from the texture of the OXPAN
fibre/phenolic derived QC/QC composite, where the
fibres and the matrix have been fused together and
were difficult to identify.

3.2. Microstructure
The XRD pattern of all precursors, as demonstrated in
Fig. 5, showed a peak at 2h+25° which was orig-
inated from the (0 0 2) diffraction of the fibre compo-
nent. After the partial carbonization at 500 °C, the
peak became more intensified with the decreasing
half-peak width (B), indicating that the turbostratic
carbon structure in the matrix was formed. The com-
pletion of such a partial carbonization conversion can
be further verified by the fact that disappearance of the
peak at 2h+17° which is corresponding to a charac-
teristic reflection of the small crystallines of the PAN
matrix in the QC fibre/PAN composite precursor.
Because of the completely amorphous nature of the
phenolic resin, no diffraction peak related to the
matrix was found in the composite precursors. It has
been observed that the value of half-peak width (B)
and the stacking size (¸

#
) in QC/QC composites differ-

ed from various precursors. The smaller B value or the
larger stacking size in the QC/QC composite derived
from the QC fibre/PAN composite precursor in-
dicated that the PAN matrix was easier to form the
turbostratic carbon structure than the phenolic



Figure 5 X-ray diffraction patterns: (1) OXPAN fibre/phenolic
composite; (2) QC fibre/phenolic composite; (3) QC fibre/PAN
composite; (4) QC/QC composites derived from (1); (5) QC/QC
composites derived from (2); (6) QC/QC composites derived from
(3).

TABLE III Structural parameters of QC/QC composites derived
from various precursors

QC/QC composites 2h Half-width, B Stack size, ¸
#

derived from (degree) (degree) (nm)

(a) QCF-500/phenolic 25.3 13.2 0.686
(b) QCF-500/PAN 25.6 8.2 1.104
(c) OXPAN fibre/phenolic 25.4 13.3 0.68

matrix. There is not much structural difference be-
tween QC/QC composites derived from QC
fibre/phenolic and OXPAN fibre/phenolic precursors,
as seen in Table III. Furthermore, because of low
crystallinity (essentially no crystallinity for the phen-
olic resin) and lack of the high molecular orientation
in both matrix resins, one would expect that the QC
matrix also possessed a lower degree of crystallinity,
and the structure of QC matrix was more imperfect
than that of QC fibres even though they were pyro-
lysed at the same HTT of 500 °C. Thus, QC/QC com-
posites had the low ¸

#
value compared to the fibre

components, as seen in Table I. A summary for the
structural parameters of QC/QC composites can be
found in Table III.

3.3. Oxidation behaviour
Results from the dynamic TGA scan in the air at-
mosphere for three various QC/QC composites are
illustrated in Fig. 6. It was demonstrated that both
phenolic matrix-derived QC/QC composites (a and c)
had similar thermal stability with an onset decomposi-
tion temperature around 650 °C. The lower onset de-
composition temperature around 530 °C for the PAN
matrix-derived QC/QC composite (b) was because of
the lack of three-dimensional network structure in the
Figure 6 Dynamic TGA scans of QC/QC composites derived from
three different precursors: (a) QFC-500/phenolic; (b) QFC-
500/PAN; (c) OXPAN fibre/phenolic.

QC matrix, despite the fact that the composite exhib-
ited relatively large ¸

#
value. Therefore, phenolic

matrix composite precursors would produce the
QC/QC composites with better oxidation resistance
than would the PAN matrix precursor.

Further thermal analysis data of QC/QC com-
posites were obtainable by conducting the isothermal
scan at the temperature range of 450&550 °C. Direct
isothermal scan results and ln r versus 1/¹ plots at
different burn-off (BO) stages for three QC/QC com-
posites are shown in Figs 7—9, respectively. By com-
parison, it can be seen that the oxidation behaviour
for the phenolic-derived QC/QC composites was
characterized by an initial self acceleration (i.e. the
oxidation rate (r) increases with the increase of the BO
percentage or the weight loss percentage) at a BO
stage up to 25% (Figs 7 and 9), after which the oxida-
tion process occurred with the decreasing rate. The
self-acceleration effect has been observed in many
densified carbon materials such as conventional car-
bon fibres and C/C composites [12—14]. In order to
explain the current observation, one has to consider
the microstructure deviation of the QC/QC com-
posites during the oxidation. As mentioned earlier, the
phenolic-derived QC/QC composites had a compact
structure which could make the initial oxidation diffi-
cult because of the lack of the active surface area
(ASA). An increased BO value implied that the oxida-
tion gradually broke off the extended two- or three-
dimensional structure to form smaller carbon-based
species, thereby increasing the ASA of the material.
Therefore, the self-catalysis could be an initial charac-
teristic of the oxidation in this type of QC/QC com-
posites. At a BO of 25%, the materials were labelled as
having larger ASA value with smaller structural spe-
cies and more flaws among the turbostratic carbon
ladders. Hence, after this stage, the oxidation was
1813



Figure 7 Isothermal scan results for QC/QC composite derived
from QC fibre/phenolic composite precursor: (a) the weight loss
percentage as a function of the oxidation time ((—) 450 °C; (— —)
500 °C; (- - -) 550 °C); (b) the variation of the oxidation rate (ln r) with
1/¹ at three different BO stages (s) 10% BO; (h) 25% BO; (n) 50%
BO 550 °C.

Figure 8 Isothermal scan results for QC/QC composite derived
from QC fibre/PAN composite precursor: (a) the weight loss per-
centage as a function of the oxidation time; (b) the variation of
the oxidation rate (ln r) with 1/¹ at three different BO stages. See
Fig. 7 caption for key.

proceeding with a gradual annihilation of these small
species, resulting in a decreasing oxidation rate.

In contrast, the oxidation process of the QC/QC
composite derived from the PAN matrix precursor (b)
1814
Figure 9 Isothermal scan results for QC/QC composite derived
from OXPAN fibre/phenolic composite precursor: (a) the weight
loss percentage as a function of the oxidation time; (b) the variation
of the oxidation rate (ln r) with 1/¹ at three different BO stages. See
Fig. 7 caption for key.

in the overall measured BO range (0—50%) was char-
acterized by the decreasing oxidation rate with the
increase of BO value (Fig. 8). This behaviour can be
attributed to the fact that this QC/QC composite
exhibited an initial high ASA because of a variety of
flaws existing in the turbostratic carbon structure
which made the oxidation easy to occur initially.
Thereafter, the situation was similar to that observed
in the phenolic-derived QC/QC composite with a BO
value above 25%. Thus, phenolic and PAN matrix
derived QC/QC composites could follow the different
oxidation mechanism even though they experienced
a similar heat-treatment history.

By applying the Arrhenius equation, both the ac-
tivation energy for (Q) and pre-exponential constant
(r
0
) for the oxidation can be calculated; these have

been summarized in Table IV. The fact that the
QC/QC composite obtained from (a) exhibited a higher
activation energy (125.8 kJmol~1) and a lower r

0
value than that derived from (b) indicated that the
former possessed the higher oxidation resistance. The
QC/QC composite from (c) showed the lowest Q value
(96.5 kJmol~1), implying that strong chemical reac-
tions between the fibre and the matrix during pyroly-
sis produced a considerable amount of defects which
were less oxidation-resistant. But the low r

0
value

possibly resulted from the more homogeneous nature
of the fibre/matrix interface (Fig. 4). Thus, both low
Q and r

0
values made the overall oxidation resistance

comparable with that of the QC/QC composite de-
rived from precursor (a). The conclusion is consistent
with that obtained from the dynamic thermal scan.



TABLE IV The calculated oxidation constants from isothermal scans for QC/QC composites

QC/QC composites Activation Pre-exponential constants, r
0

(%/min)]107

derived from energy, Q
(kJmol~1) at BO 10% at BO 25% at BO 50%

(a) QC fibre/phenolic 125.8 10.61 13.22 11.73
(b) QC fibre/PAN 124.2 14.76 10.99 7.48
(c) OXPAN fibre/phenolic 96.45 0.156 0.181 0.132
3.4. Electrical properties
The main results on the electrical properties of com-
posites are summarized in Table V. Because of the
semiconducting nature of the fibre reinforcement,
both QC fibre-reinforced phenolic and PAN matrix
composite showed semiconducting characteristics
with a positive E

!
value. Meanwhile, because of both

the fibres and the matrix being insulating, the electri-
cal conductivity of the OXPAN/phenolic composite
precursor was still in the insulating range. Again, the
lower resistivity (q) and E

!
values for the QC fibre/

phenolic composite resulted from the more compact
three-dimensional network structure of the matrix
which held the semiconducting fibres together, form-
ing more effective conducting path. After the partial
carbonization, all QC/QC composites showed the de-
creasing resistivity and E

!
value in comparison with

their precursors. The smaller values in QC/QC com-
posites derived from (a) and (b) precursors indicated
that the large aromatic, sheet-like carbon structure
may extend the mean free path of electrons, thus
increasing the electrical activity. Fig. 10 illustrates a
representative pyroresistance effect (log R versus 1/¹
plot) with a negative temperature coefficient for the
QC/QC composite derived from the precursor (a). The
result verified that the QC/QC composite was a
semiconductor.

A unique electrical property has been also observed
in the QC/QC composites as shown in Fig. 11. The
non-linear I—» characteristic or the switching behav-
iour under the influence of an electrical field of about
102&103 Vcm~1 was similar to that observed in the
semiconducting carbon fibres which were heat
treated at a temperature range of 500—700 °C
[10, 11, 15]. With the application of a voltage of up to
50 V corresponding to an electrical strength of about
500 Vcm~1, the material obeyed Ohm’s law, exhibit-
ing a line I—» response with a resistance of about

TABLE V Main electrical properties of QC/QC composites in com-
parison to those of their precursors

Composites Resistivity, logq Activation energy, E
!

() cm) at 25 °C (eV)

(a) QCF-500/phenolic 4.582 0.432
(b) QCF-500/PAN 5.027 0.521
(c) OXPAN fibre/phenolic '10 —

QC/QC-500 composites derived from
(a) 3.432 0.325
(b) 3.971 0.403
(c) 5.011 0.508
Figure 10 The representative pyro-resistance effect in the QC/QC
composite.

Figure 11 The non-linear I—» response for a QC/QC composite.

50 k) or the resistivity of about 104 ) cm. The
material was in a high resistance state or OFF state.
After that, the curve approximately followed a relation
of IJ»2 and gradually became exponential. As
the voltage continued to increase, reaching a critical
1815



threshold value of about 66 V, the current rose dra-
matically, possibly as high as 500 mA (because of
equipment limitation, a current higher than 20 mA
was not recorded). A 2&4 orders of magnitude de-
crease in resistivity of the sample has been observed.
The material was thus excited to a low resistance state
or ON state. During switching, the dynamic resistance
(d»/dI) was estimated to be as low as 10—100 ). The
interesting fact was that the complete withdrawal of
voltage would bring the material back to the original
OFF state. The transformation between the ON and
the OFF states in these samples was completely re-
versible and reproducible depending upon the voltage
applied. All three various QC/QC composite samples
exhibited a similar switching behaviour except that
the threshold voltage may vary because of different
resistivity of materials. The observed behaviour in the
semiconducting QC/QC composites could be very
useful in the design of electronic switching devices.

3.5. Mechanical properties and failure
mechanisms

The flexural stress—displacement diagrams of QC/QC
composites and their precursors are shown in Fig. 12.
The QC fibre/phenolic precursor had the maximum
modulus and strength values with a step-wise fracture
mode. In contrast, the OXPAN/phenolic precursor
showed the lowest modulus and strength values with
a brittle fracture mechanism. The flexural properties
of the QC fibre/PAN composite were found between
these two extremes. These observations could be
closely related to the structure and properties of the
fibres and the matrix, and the interface between the
fibres and the matrix. Because of the cross-linking
three-dimensional network structure, the mechanical
properties of the phenolic matrix composite should

Figure 12 Flexural stress—displacement curves of QC/QC com-
posites and their precursors. (a) QFC-500 phenolic; (b) QFC-
500/PAN; (c) OXPAN fibre/phenolic; (d) QC/QC derived from (a);
(e) QC/QC derived from (b); (f ) QC/QC derived from (c).
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TABLE VI A comparison in flexural strength and modulus be-
tween QC/QC composites and their precursors

Composites Strength Modulus
(MPa) (GPa)

(a) QCF-500/phenolic 314.0 16.5
(b) QCF-500/PAN 201.1 8.38
(c) OXPAN fibre/phenolic 132.4 4.01

QC/QC-500 composites derived from
(a) 124.3 22.4
(b) 78.5 11.3
(c) 30.2 7.67

be superior to those of its PAN matrix counterpart.
The OXPAN fibres exhibited a lower modulus and
a higher strength than the QC fibres which were heat
treated at 500 °C (Table I). However, the OXPAN
fibre/phenolic composite had both lower flexural
modulus and strength than the QC fibres/phenolic
composite. This phenomenon is possibly caused by
the interface property of the composite. The OXPAN
fibres may have less compatible physical wetting to
the phenolic matrix, which leads to a low strength
value.

Flexural test results for both QC/QC composites
and their precursors are summarized in Table VI. It
can be seen that after the partial carbonization, all
QC/QC composites exhibited an increased modulus
and a decreased strength in comparison with their
precursors. The QC/QC composites derived from QC
fibre-reinforced composite precursors showed better
mechanical properties than those derived from OX-
PAN fibre-reinforced composite precursors because of
less chemical interactions between the fibres and the
matrix involved in the pyrolysis process, thus less
deterioration of the QC fibres. The pyrolysis process
to produce the QC/QC composite using the OXPAN
fibre/PAN composite as precursor actually failed be-
cause of strong chemical reactions which completely
damaged the fibre component. The resulting QC/QC
composite exhibited extremely low mechanical prop-
erties. Both flexural strength and modulus of the
QC/QC composite derived from the OXPAN fibre/
phenolic composite precursor were yet at low levels,
although they were better than those observed in
a QC/QC composite with a similar pyrolysis process
as studied by Ko et al. [6]. Therefore, strong chemical
reactions in the process could make the QC/QC com-
posite with a large amount of defects which are re-
sponsible for the observed low mechanical properties.
Hence, the fact indicated that the composite contain-
ing the QC fibres as the QC/QC composite precursor
had an advantage over that with the OXPAN fibre in
achieving good quality of QC/QC composites. By
comparison, it was also conclusive that the phenolic
matrix-derived QC/QC composite had better mech-
anical properties than these PAN matrix-derived
QC/QC composites.

Fig. 13 illustrates SEM observations on the fracture
surface of the QC fibre/phenolic precursor and its
QC/QC composite. The analysis indicated that the
QC/QC composite and its precursor followed



Figure 13 SEM photographs of the fracture surface: (a) the QC
fibre/phenolic composite precursor (]1100) and (b) the QC/QC
composite derived from the QC fibre/phenolic precursor (]400).

different failure mechanisms. The relatively ductile
behaviour in the composite precursor was accom-
panied with either the fibre pull-out or delamination
mechanism, which was consistent with the step-wise
fracture mode observed in Fig. 12. As seen in Fig. 13a,
the fracture mechanism of the QC fibre/phenolic pre-
cursor was actually fibre pull-out dominated. In con-
trast, because of the more homogeneous nature of the
fibres and QC matrix, the QC/QC composite exhib-
ited a catastrophic failure mode with a smooth frac-
ture surface as demonstrated in Fig. 13b.

4. Conclusions
1. QC/QC composites derived from QC fibre- or

OXPAN fibre-reinforced phenolic or PAN matrix
composite precursors with similar processing history
have shown different microstructure and thermal,
electrical and mechanical properties.
2. TGA studies have revealed that the phenolic
matrix-derived QC/QC had better thermal stability
and oxidation resistance than the PAN matrix-de-
rived QC/QC composites.

3. All QC/QC composites exhibited an increased
flexural modulus and a decreased flexural strength
compared to their precursors. QC/QC composites ob-
tained from QCF reinforced composite precursors
had better mechanical properties than those from
OXPAN fibre reinforced composite precursors. The
phenolic matrix derived QC/QC composites had bet-
ter mechanical properties than the PAN matrix de-
rived QC/QC composites.

4. The electrical resistivity of QC/QC composites
lay within a semiconducting range. Unique switching
behaviour has been observed in these materials.
Their semiconducting nature combined with good
mechanical and thermal properties would make these
composite materials useful for electronic device
applications.
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