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Abstract
The aim of the work was to investigate the thermo-electrical properties of low cost and 
rapidly produced randomly oriented carbon/carbon (C/C) composite. The composite body 
was fabricated by combining the high-pressure hot-pressing (HP) method with the low-
pressure impregnation thermosetting carbonization (ITC) method. After the ITC method 
step selected samples were graphitized at 3000°C. Detailed characterization of the samples’ 
physical properties and thermal properties, including thermal diffusivity, thermal conductiv-
ity, specific heat and coefficient of thermal expansion, was carried out. Additionally, direct 
current (DC) electrical conductivity in both the in-plane and through-plane directions was 
evaluated. The results indicated that after graphitization the specimens had excellent carbon 
purity (99.9 %) as compared to that after carbonization (98.1). The results further showed 
an increasing trend in thermal conductivity with temperature for the carbonized samples and 
a decreasing trend in thermal conductivity with temperature for graphitized samples. The 
influence of the thickness of the test specimen on the thermal conductivity was found to be 
negligible. Further, all of the specimens after graphitization displayed an enormous increase 
in electrical conductivity (from 190 to 565 and 595 to 1180 S/cm in the through-plane and 
in-plane directions, respectively). 

Key words: Exfoliated carbon fibers, specific heat, thermal diffusivity, thermal conductivity, 
CTE

1. Introduction

The potential value of carbon/carbon (C/C) composites as a material for high temperature 
applications was recognized at a very early stage, and led to their practical development in 
the 1960s. Initially developed as materials for thermal protection during space vehicle re-
entry, later the composites were used for the fabrication of thermo-structural components 
such as the nose cone, wing leading edges, etc. [1-3]. In the last couple of years, in addition 
to these specialized thermo-structural uses, their applications have been extended to non-
thermo-structural components such as molecular sieves, heat sinks [4, 5], metal to glass seal-
ing support fixtures [6, 7], international thermonuclear experimental reactor (ITER) plasma 
facing components [8], bipolar plates [9-12], etc. High thermal and electrical conductivities 
are key requirements of these non-thermo-structural components. 

Carbon based materials exhibit the highest measured thermal conductivity of any 
known material at moderate temperatures. For practical applications, the engineering 
utility of carbon materials in the form of composites has been extensively studied. For 
example, continuous carbon fiber reinforced C/C composite has been the focus of vari-
ous researchers [13-21]. Multiple approaches have been developed for making con-
tinuous C/C composite, including fabrication methods with pyrolytic graphite, using 
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2.2. Fabrication of the C/C composite

Fig. 1 shows a block diagram of the processing stages of the 
C/C composite. The raw materials (carbon fibers and IMP) were 
first conditioned. The as-received continuous carbon fibers were 
chopped into discrete lengths using a custom developed fiber 
milling machine and method of milling [34]. The chopped fi-
bers were then exfoliated using an in-house exfoliation set-up 
[6] and the exfoliated carbon fibers were used as reinforcement. 
The IMP was stabilized in air to get the stabilized matrix precur-
sor [32]. It was then used as the PMP. 

After conditioning of the raw materials, the C/C com-
posite was fabricated in two steps. In the first step, a medi-
um density C/C composite was fabricated using the prima-
ry high pressure HP method [32]. In the primary method, 
a slurry of exfoliated carbon fibers and the stabilized IMP 
was prepared by agitating them in distilled water. The well 
mixed slurry was then vacuum moulded to produce green 
cake. The green cake was dried in an air oven to get pre-
form. The preform thus made was hot pressed at 700°C 
with the heating rate of 0.2°C/min for 180 min to bind the 
reinforcement. PCM was derived from the PMP as a re-
sult of pyrolysis, and subsequent carbonization at 1050°C 
for 60 min to produce a medium density C/C composite. 
The C/C composite thus obtained was further densified in 
a second step using the low-pressure impregnation ther-
mosetting carbonization (ITC) method [29, 30]. In this 
step, the pores of the C/C composite were evacuated under 
vacuum, followed by impregnation with phenol formalde-
hyde resin, thermosetting, and finally carbonization of the 
infiltrated phenol formaldehyde. The entire cycle of pore 
evacuation-resin infiltration-thermosetting-carbonization 
of the low-pressure ITC method was repeated three times. 
The first cycle is called DC1, the second DC2 and the third 
DC3. 

After completing the two step processing, selected samples 
were graphitized at 3000°C in a custom developed graphitiza-
tion furnace at 50°C/min for a duration of 10 min.

2.3. Characterization of the C/C composite

2.3.1. Physical properties
Investigation of the as-produced composite’s microstructure 

was carried out with an Olympus optical metallurgical micro-
scope. After resin mounting small sized specimens, convention-
al metallographic techniques were used for polishing the speci-

chemical vapor infiltration (CVI), metallurgical products’ hot 
isostatic pressure impregnation carbonization (HIPIC) and 
hand layup. But while the continuous carbon fiber reinforced 
C/C composites produced by these processes have excellent 
mechanical properties, each process is associated with one or 
more issues. C/C composite made out of CVI is costly and 
time consuming, whereas the HIPIC method is cost intensive. 
For these reasons, C/C composite applications are presently 
limited to high end uses such as aerospace and defense.

To expand the use of C/C composite materials to additional 
commercial applications, methods must be developed to pro-
duce it rapidly at low cost. To accomplish this, a slight com-
promise in mechanical properties is permissible. Recently, 
short carbon fiber composites have attracted the attention of 
designers and material scientists because they are easier to 
fabricate and also offer the possibility of achieving isotropic 
properties. Significant efforts have since been invested in re-
ducing the processing time and cost of these C/C composites. 
For example, Klett et al. [22] demonstrated a fast fabrication 
route for the composites. Raunija et al. [6] also developed a 
rapid process for the fabrication of short carbon fiber rein-
forced C/C composite.

Nonetheless, detailed studies on the thermo-electrical proper-
ties of short fiber reinforced C/C composites are still not widely 
available in the open literature. This is not the case for continu-
ous C/C composites, where various properties such as thermal, 
mechanical and electrical characteristics have been investigated 
in detail. Manocha and co-workers [23, 24] have studied the 
thermophysical properties of continuous (1-D and 2-D) C/C 
composite. Reports are also available on the thermal properties 
of continuous fiber reinforced polymer matrix composite [25] 
and chopped carbon fiber reinforced polymer matrix composite 
[26]. 

Our group has done extensive work on randomly oriented 
short fiber reinforced C/C composite at the Vikram Sarabhai 
Space Centre [27-33], however, the details of its thermo-elec-
trical properties have not been reported so far. Accordingly, a 
detailed investigation of the thermo-electrical properties of the 
short fiber reinforced C/C composite system was carried out in 
this work. 

2. Experimental

2.1. Materials used

High modulus and high conductivity pitch based P75, and 
high strength polyacrylonitrile based T800 carbon fibers, 
were used as reinforcement. After stabilization, petroleum 
pitch derived isroaniso matrix precursor (IMP) was used as 
the primary matrix precursor (PMP) for the derivation of the 
primary carbon matrix (PCM). IMP is a special mesophase 
pitch synthesized at the Carbon and Ceramics Laboratory 
(CCL) of Vikram Sarabhai Space Centre via a thermotropic 
route. In-house synthesized resole type phenol formaldehyde 
resin (PF106) was used as the secondary matrix precursor 
(SMP) for deriving the secondary carbon matrix (SCM). Dis-
tilled water produced in-house through a double distillation 
set-up was used as the slurry media.

Fig. 1. Process flow diagram. HP, hot-pressing; ITC, impregnation ther-
mosetting carbonization; C/C, carbon/carbon.
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lands). The data was collected at a scan rate of 3°/min using 
CuKα radiation at 40 kV and 30 mA. XRD was conducted for 
the as-received raw materials, the individually processed raw 
materials at high-pressure HP method conditions, the C/C com-
pacts after the high-pressure HP method step, low-pressure ITC 
method step and graphitization step. 

The XRD of the raw materials and the C/C composite was 
conducted after different processing stages to determine the be-
havior of the degree of graphitization with each of the process-
ing stages. The degree of graphitization can be calculated using 
empirical equations. There are four methods which co-relate the 
degree of graphitization to the XRD diffraction values obtained 
experimentally. They include the Franklin method (p factor), 
the Bacon method (p factor), the Maire and Mering method (g 
factor) and the Warren Method (P1) [35]. The Maire and Mer-
ing method is the most common and easy way to calculate the 
degree of graphitization. Therefore, it was used to calculate the 
degree of graphitization as follows:

  (5)

Where 
%g = degree of graphitization,
0.344 = interlayer spacing for non - graphitized carbon,
0.3354 = interlayer spacing for ideal graphite crystallite, 
d(002) = interlayer spacing dervied from XRD. 

Interlayer spacing (d(002)) can be calculated by the Bragg 
equation, and using this value in the model given by Maire 
and Mering, the value of degree of graphitization can be com-
puted [36]. The non-graphitized carbon is called turbostratic 
graphite [37].

2.3.2. Thermal properties
Thermal properties including diffusivity, conductivity and 

specific heat were measured in both the in-plane and through-
plane directions after the primary method step, the secondary 
method step and graphitization step using a Flashline-3000 
thermal property analyzer (FL-3000; Anter Corp., USA) as 
per American Society for Testing and Materials (ASTM) 
E1461-13. A thin disc of the sample of Ø12.7 mm was placed 
in the sample holder. After heat insulation, the front side 
of the sample was subjected to a very short burst of energy 
from a high speed xenon discharge pulse source, producing 
a one dimensional heat flow at the rear side of the sample. 
The temperature rise on the rear side was measured using 
an infrared detector. The entire test was performed under ar-
gon atmosphere. Thermal diffusivity (α) and conductivity (k) 
were obtained directly from the instrument by considering 
the density. Specific heat was then calculated indirectly using 
the following equation: 

  (6)

where, 
a = thermal diffusivity (cm2/s),
l = thermal conductivity (w/mk),
r = density (g/cm3),
Cp = specific heat. 

mens with different grades of emery papers. The final polishing 
was carried out with 1µm diamond paste. The microstructure 
was evaluated by the ITC method in both through-plane and in-
plane directions.

The bulk density of compact samples after the hot-pressing 
and carbonization stages of the primary fabrication method, af-
ter each complete cycle of the secondary method, and after the 
graphitization step was calculated using the mass-volume for-
mula given below:

 (1)

where,
ρh = bulk density of the compact (g/cm3), 
m = mass of the compact (g),
v = volume of the compact (cm3). 

Carbon content analysis of the raw materials and the com-
posite samples was evaluated following the HP method step, the 
ITC method step, and the graphitization step, by CHNS analyzer 
(2400 Series II; PerkinElmer, USA). For accurate measurement 
of the carbon content, a small quantity (0.1 g) of the sample was 
burnt with oxygen in the furnace at 1000°C. In the presence of 
oxygen, the carbon content present in the test sample is convert-
ed into carbon oxides. The analysis of the combustion product 
was carried out by thermal conductivity detector to obtain the 
carbon content.

The wt% of each constituent (carbon fibers and the carbon 
matrix derived from PMP and SMP) in the composite was de-
termined after the high-pressure HP method step and the low-
pressure ITC method step. Further, the deposition profile of 
the SCM was determined following the densification cycles 
of the ITC method step. The determination of graphitizable 
carbon (GC) and non-graphitizable carbon (NGC) was also 
done after the ITC method step. To accurately measure the 
wt% of each constituent in the composite, the weight loss 
of both types of carbon fibers up to carbonization stage was 
estimated by TGA studies, and was appropriately deducted to 
determine the wt% of the PCM and SCM in the C/C compact. 
The applicable equations used for the wt% computation are 
given  below:

 (2)

 (3)

  (4)

where
wp = weight of the preform (g),
wpmp = weight of the primary matrix precursor in preform (g),
wcf = weight of the carbon fiber (g),
wHP = weight of the compact after the HP method step (g),
wITC = weight of the compact after the ITC method step (g),
wpcm = weight of the PCM in the compact (g),
wscm = weight of the SCM in the compact (g). 

An X-ray diffraction (XRD) study was conducted using an 
X-ray diffractometer (Panalytical Xpert Pro MPD, the Nether-
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tion as per percolation theory. The impact of this is discussed 
in later sections of the paper. 

3.1.2. Density
Density as high as 1.64 g/cm3 was measured just after the HP 

method step after a processing time of less than 64 h. From a 
processing point of view, that obtained density is significantly 
high as compared to conventional processes such as HIPIC, liq-
uid polymer infiltration (LPI) and CVI. The obtained C/C com-
posite was further densified with a densifier step. Significant 
improvement in the density (from 1.64 to 1.75 g/cm3, by 6.7%) 
was achieved with the low-pressure ITC method at an additional 
processing time of 73 h. 

The step by step change in density can be described as 
follows. An appreciable enhancement in density (from 1.64 
to 1.70 g/cm3 by 3.7%) was recorded after the first ITC cycle. 
However, the percentage increase in density during the sec-
ond ITC cycle (from 1.70 to 1.73 g/cm3 by 1.8%) and the 
third ITC cycle (from 1.73 to 1.75 g/cm3 by 1.2%) was com-
paratively less than that of the first cycle (3.7%). The density 
increase in the compact after the third ITC cycle was compar-
atively very low. That shows that further usage of ITC cycles 
in this particular method of C/C fabrication is not significant. 
The total fabrication time of the C/C composite up to the third 
ITC cycle was only 137 h. 

It should be noted that the conventional process takes 
around 3 months (180 days) to achieve a similar density of 
C/C composite. The appropriate use of the high-pressure HP 
method and low-pressure ITC method yielded C/C composite 
in a much shorter time. Selected samples were graphitized to 
determine its impact on the composite’s properties. The den-
sity was found to increase with graphitization due to shrink-
age. 

3.1.3. Carbon content
The carbon content of the compacts was determined after 

the HP method, ITC method and graphitization steps. This was 
mainly done to determine the purity of the C/C composite in 
terms of carbon content, so that its application could be decided 
accordingly. 

Table 1 shows the carbon content of all the raw materials 
and the variation in the carbon content of the C/C composite 
with each processing step. From Table 1, it can be clearly 
seen that the carbon content after the HP method step has 
increased significantly compared with that of its constituents. 
The increase in the carbon content of the C/C composite af-
ter the HP method step is mainly produced by the pyrolysis 
and carbonization of the PMP [38]. After further densification 
cycles, it remains almost the same. After graphitization, the 
value of carbon content reaches almost 100% (99.9% actual). 
This demonstrates the ultra-high purity of the C/C composite 
in terms of carbon content. This purity is due to the libera-
tion of even tightly bound hetro-atoms at the graphitization 
temperature. Ultra-high purity is most important for high 
temperature applications of the C/C composite because the 
presence of even a minute quantity of non-carbonaceous mat-
ters may result in deviation from expected properties due to 
degassing of these non-carbonaceous matters at the applica-
tion temperature. 

The coefficient of thermal expansion (CTE) of the samples 
was measured for both the in-plane and through-plane direc-
tions from RT to 1000°C using a TA Instruments Q-400 ther-
momechanical analyzer as per ASTM E831-12. A composite 
sample of 5 mm×5 mm×5 mm in contact with the TMA probe 
was heated from RT to 1000°C at 10°C/min under nitrogen 
atmosphere at a purge rate of 100 mL/min to measure the 
CTE in a Q-400 thermomechanical analyzer. An average of 3 
samples was reported. 

2.4. Electrical properties

The direct current (DC) electrical conductivity of the samples 
in both the in-plane and through-plane directions after the low-
pressure ITC method step and the graphitization step was mea-
sured by the 4 point method as per ASTM D257-07. A Fluke 
5520 multifunction calibrator and HP 3458A digital multimeter 
were used to measure conductivity at a temperature of 23±2oC 
and relative humidity of 60±5%. An average of 5 samples (rect-
angular cross-section) was reported. The conductivity was com-
puted as follows:

 (7)

where
E = electrical conductivity (S/cm),
a = the effective area of the measuring electrode (cm2),
R = measured volume resistance (W),
t = average thickness of the specimen (cm).

3. Results and Discussion

3.1. Physical properties

3.1.1. Microstructure
Fig. 2 shows the optical microscopy micrographs of the 

composite samples taken after the low-pressure ITC method 
step. The micrograph of the through-plane, shown in Fig. 2a, 
clearly shows the alignment of most of the carbon fibers in 
the x-y plane, whereas the micrograph of the in-plane, shown 
in Fig. 2b, shows only ends of carbon fibers, which also vali-
dates the x-y plane alignment of the carbon fibers. Further, it 
can be seen that the distribution of carbon fibers, both PCM 
and SCM, is very uniform throughout the surface. The micro-
graphs indicate the samples are entirely free of pores, cracks 
and de-laminations. Almost all the carbon fiber filaments are 
interconnected, which is highly desirable for good conduc-

Fig. 2. Optical microscopy images after the ITC method step; (a) 
through-plane, (b) in-plane.
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3.1.5. X-ray diffraction
Fig. 4 shows the XRD patterns of the as-received raw materi-

als, the ball milled raw materials in the same proportion used 
to prepare the C/C composite, and the individually processed 
raw materials at the C/C composite processing conditions. From 
peak broadening, it can be seen that the pattern of carbon fibers 
remains almost the same after processing at the C/C composite 
preparation conditions. However, although the broad peaks cor-
respond to amorphous carbon, minute changes in the pattern of 
the PMP can be seen after processing. This can be attributed to 
the fact that the carbonization of PMP took place during pro-
cessing [36]. Further, the XRD patterns of the as-received raw 
materials, ball milled raw materials and C/C composite at differ-
ent stages of the high-pressure HP method are shown in Fig. 5. It 
can be clearly seen that the peaks of the C/C composite mainly 
correspond to those of P75 carbon fiber.

A detailed analysis of the influence of ingredients on the 

3.1.4. Composition analysis
Composition analysis (the wt% contribution of each type 

of carbon) of the compacts was performed after the HP meth-
od and ITC method steps. Fig. 3 shows the wt% contribution 
of the T800, P75, PCM and SCM in the compact after the HP 
method and ITC method steps. The pattern of SCM deposi-
tion with the ITC cycles was also checked. The main objec-
tive of this analysis was to gain some idea of the % contribu-
tion of GC and NGC in the C/C composite. The PCM derived 
from the PMP differs in properties from SCM derived from 
SMP. Hence, the % contribution of PCM and SCM plays an 
important role in estimating the final properties of the com-
posite. 

The PCM was developed in a single step during the primary 
HP method. The SCM was developed gradually with densifica-
tion cycles during the secondary ITC method step. In DC1, the 
wt% of SCM developed was 70% of the total; this increased 
to 94% of the total in DC2, and to 100% of the total in DC3. 
The sequential development of SCM with densification cycles 
is given in Fig. 3. This calculation also helps in deciding the 
effective number of densification cycles. As is clear from the 
DC2 and DC3 results, the development of SCM in those cycles 
is marginal. Hence, further impregnation will not result in addi-
tional densification of the C/C composite. This is because either 
the pores are filled or the pore diameter is too small to allow the 
further infiltration of resin. 

Table 1. Carbon content of raw materials and the carbon/carbon composite at different processing stages

Constituent
Raw materials Processing stages

P75 T800 PM SM  HP method ITC method Graphitization

C 99.6 96 87.5 75.3 98.6 98.5 99.9

HP, hot-pressing; ITC, impregnation thermosetting carbonization.

Fig. 3. Composition analysis. HP, high pressure; SCM, secondary carbon 
matrix; DC, direct current; ITC, impregnation thermosetting carbonization; 
PCM, primary carbon matrix, GC, graphitizable carbon; NGC, non-GC.

Fig. 4. X-ray diffraction patterns of raw materials. 

Fig. 5. X-ray diffraction patterns of raw materials along with processed 
carbon/carbon composite. 
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and geometry of the specimen, variations due to different thick-
nesses will indicate that the constituents in the composite system 
are distributed non-uniformly.

We started by measuring the specific heat of the specimens 
from 50 to 600°C with various thicknesses from 2 to 5 mm. 
The specific heat measured as a function of varying thickness is 
shown in Fig. 6. From Fig. 6, it can be observed that there is only 
a marginal difference in the specific heat of the samples through-
out the test temperature range. This indicates that the process 
employed for the fabrication of the C/C composite facilitated 
the uniform distribution of the ingredients used for fabrication. 

From Fig. 7, it can be observed that the specific heat of the 
samples varies with the processing stages. The specific heat of 
the samples just after the primary HP method step is higher than 
that after the secondary ITC method step. The shows that the 
type of carbon matrix greatly influences the thermal absorbance 
property. This might have happened because there was more GC 

graphitization was performed by computing the degree of 
graphitization of the individual ingredients and the processed 
C/C composite at different stages. The degree of graphitization 
of the C/C composite system is the key parameter. It is the real 
measure of the extent to which the C/C composite system has 
transitioned from turbostratic to graphitic structure. Addition-
ally, it determines the properties of the particular C/C composite 
system. A higher degree of graphitization results in higher ther-
mal and electrical properties, slightly lower mechanical proper-
ties and improved tribological properties [36]. 

The degree of graphitization of all the ingredients except P75 
was found to be either –ve or very low. This suggests the amor-
phous nature of the ingredients. Further, the degree of graphiti-
zation of the C/C composite without the graphitization step was 
found to be in the medium range. However, the heat treatment 
of the C/C composite samples at 3000°C resulted in more than a 
70% degree of graphitization. 

Above 43%, the degree of graphitization of a C/C composite 
system typically shows symmetrical peaks [36]. However, this 
generalization is not appropriate for our case because it was de-
rived for a system where the carbon matrix was obtained from 
a single graphitizable source, whereas we derived the carbon 
matrix from two distinct phases, one which produces GC and 
the other NGC. Therefore, in spite of exhibiting a degree of 
graphitization above 70%, the XRD pattern may contain asym-
metrical peaks due to the presence of a good amount of NGC 
(approximately 30%). And these asymmetrical peaks may also 
contain several components, among which there may be large 
differences in the extent of graphitization. 

3.2. Thermal properties

Thermal properties are the most structurally dependent prop-
erties, and are influenced by both the macrostructure and the 
microstructure of the material. Since a C/C composite is a two 
phase material system, their macrostructure and microstructure 
can vary a lot, and hence their thermal properties as well [23]. 
The processing routes used to manufacture C/C can result in 
different matrix characteristics in terms of porosity network, 
micro-structural organization and heterogeneity, which can all 
influence their thermal properties [39]. Further, these properties 
are greatly dependent on the types of reinforcement and matrix. 
The important thermal properties which determine the perfor-
mance of a material are thermal conductivity, thermal diffusiv-
ity, specific heat and the CTE. Having accurate and directional 
measurements of these properties is very important to its eventu-
al application. Knowledge of these properties becomes critically 
essential when systems like randomly oriented fiber reinforced 
composites with hybrid reinforcement and hybrid matrix are be-
ing considered for potential applications. 

3.2.1. Specific heat
It is known that the types of ingredients present in a system 

can influence its specific heat (Cp) [23]. In the present composite 
system the ingredients are different in many aspects. Therefore, 
to check the uniformity of the hybrid carbon fibers and hybrid 
matrixes in the composite system, measurements to determine 
the specific heat of specimens with varying thickness were car-
ried out. Since the specific heat is independent of the shape, size 

Fig. 6. Variation in specific heat with test temperature for different 
thicknesses.

Fig. 7. Variation in specific heat with test temperature for different 
processing stages and directions. HP, hot-pressing; IP, in-plane; ITC, im-
pregnation thermosetting carbonization; TP, through-plane; G, graphi-
tization.
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sivity at higher temperature [26]. A similar trend was noticed 
irrespective of test specimen thickness. However, the diffusivity 
was found to decrease marginally with the thickness of the C/C 
specimens.

The trend in the thermal diffusivity of the samples processed 
under different conditions, in both the through-plane and the in-
plane directions as a function of temperature, is shown in Fig. 9. 
The samples after the HP and ITC method steps, irrespective of 
their direction, showed a similar trend, like the samples with dif-
ferent thicknesses discussed in the previous section. However, 
the variation in the thermal diffusivity can be seen as a function 
of processing conditions and the directions. 

The interesting thing is that, like specific heat, the thermal 
diffusivity of the samples after the HP method step was found to 
be greater than it was after the low-pressure ITC method step. 
This can be attributed to the presence of more graphitic carbon 
in the samples after the primary method compared to the second-
ary method. 

present in the sample after the primary HP method step as com-
pared to the secondary ITC method. A glassy matrix was formed 
during the secondary method whereas a graphitic matrix was 
formed during the primary HP method. The highly ordered gra-
phitic fibers and matrix have a higher thermal absorbance than 
non-graphitic fibers and matrix [23]. This difference can be seen 
in Fig. 7. The specific heat of the samples further increased after 
graphitization. 

Further, the thickness direction doesn’t affect the thermal ab-
sorbance property. In the literature [23] it was reported that the 
usage of short fibers does affect the thermal absorbance prop-
erty. The main reason given for this was the disturbance cre-
ated in the matrix structure by the short fibers. However, this 
sort of disturbance in the thermal absorbance property was not 
observed in our case. The probable reason may be the aspect 
ratio. The length of milled fiber used in the literature [23] was 
around 0.5 mm whereas we didn’t use a fiber lower than 3 mm. 
Therefore, the reinforcement we used might have avoided creat-
ing a disturbance w.r.t. thermal absorbance. Further, the specific 
heat of the samples after graphitization was found to be well in 
accordance with the literature. 

3.2.2. Thermal diffusivity
The thermal conductivity of the system chiefly depends upon 

density, specific heat and thermal diffusivity. The density and 
specific heat, as discussed in previous sections, were found to be 
independent of direction and thickness. Therefore, if any change 
in thermal conductivity is observed for such samples it may be 
because of a variation in thermal diffusivity. 

Thermal diffusivity is representative of how well a material 
achieves uniform temperature [26]. As discussed in previous 
sections, density and specific heat were found to vary with pro-
cessing cycles and the ingredients used. Therefore, the variation 
in conductivity as a function of processing cycle and ingredients 
can be significant. For this reason, it is important to have a good 
understanding of thermal diffusivity in order to understand the 
conduction mechanism of heat in the C/C composite system.

Heat conduction in a C/C composite is governed by the vibra-
tion of the crystal lattice, as per quantum theory. The lattice vi-
bration is best described by phonon interactions. These phonons 
occur in two types, optic and elastic. The optic phonon is test 
temperature dependent and significant when the test temperature 
is very high. Since our test temperature was low (600°C), its 
contribution to energy transmission is small and can be ignored. 
Consequently, the energy transmission in the composite depends 
on acoustic phonons or elastic phonons [26]. 

The phonon interactions in a C/C composite can be divided 
into 3 categories: 1, phonon-phonon interactions; 2, phonon-de-
fect interactions; 3, phonon interface interactions. The trend in 
thermal diffusivity as a function of test temperature for densified 
samples of varying thickness is shown in Fig. 8. From Fig. 8, 
it can be seen that the thermal diffusivity of all the samples in-
creased as the test temperature was increased from 50 to 100°C, 
and then it decreased continuously with test temperature, reach-
ing the lowest value at 600°C. This trend in thermal diffusivity 
can be attributed to the increase in phonon vibration frequency 
due to the increase in temperature. The higher vibration frequen-
cy caused more rapid collisions and as a consequence the mean 
free path decreased. This resulted in the drop in thermal diffu-

Fig. 8. Variation in thermal diffusivity with test temperature for differ-
ent thicknesses. 

Fig. 9. Variation in thermal diffusivity with test temperature for different 
processing stages and directions. HP, hot-pressing; IP, in-plane; ITC, im-
pregnation thermosetting carbonization; TP, through-plane; G, graphitiza-
tion.
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test temperature is different than that reported for CVI-densified 
composites [41]. 

In fibrous materials comprised of amorphous carbon, heat 
transfer by solid conduction, radiation and by gases present in 
the pores contribute to the overall thermal conductivity. Further, 
as reported in the literature [41], the dominance of radiation con-
duction increases as the test temperature increases, and as a re-
sult, an increase in thermal conductivity takes place. Further, the 
crystallite size of amorphous carbon is small, and in the samples 
after the HP and ITC method steps, most of the carbon is amor-
phous. Therefore, the phonon mean free path is determined by 
phonon-defect interactions, resulting in a thermal conductivity 
which is low compared to the graphitized samples, and which 
increases with test temperature [41]. 

3.2.4. Coefficient of thermal expansion
The CTE for both the in-plane and through-plane directions 

The trend exhibited by the samples after graphitization was 
also different than that shown after the primary and secondary 
methods. In the graphitized samples, the thermal diffusivity was 
found to decrease with temperature. Similar observations have 
been reported in the literature [26]. The large difference in the 
thermal diffusivity of the samples in the in-plane and through-
plane directions can be attributed to the presence of a large 
number of continuous channels for phonon transmission in the 
in-plane direction, as a result of the alignment of most of the 
carbon fibers in the x-y direction due to the higher aspect ratio 
and unidirectional load [26].

3.2.3. Thermal conductivity
Detailed insights about the thermal conductivity of this new 

system were explored by first studying its dependency on the 
thickness of the test specimens. As mentioned above, the main 
objective in studying the thermal conductivity as function of 
thickness was to verify the uniform distribution of ingredients in 
the hybrid/hybrid composite system. Fig.10 shows the thermal 
conductivity in the in-plane direction as a function of tempera-
ture for densified samples having different thicknesses. It can 
be clearly seen from Fig.10 that irrespective of their thickness, 
the trends shown by the samples are almost the same. This sug-
gests that the material made here had a uniform distribution of 
ingredients. 

The thermal conductivity as a function of the test temperature 
of samples after the HP method, ITC method and graphitization 
steps, both parallel (x) and perpendicular (z) to the fiber array, is 
shown in Fig. 11. The graphitized samples have higher conduc-
tivity up to a test temperature of 100°C. The in-plane thermal 
conductivity of the graphitized samples remains high over the 
entire test temperature range, whereas through-plane conductiv-
ity falls on or after a test temperature of 400°C, as compared to 
those after the ITC method step. 

The main reason behind the higher conductivity of the sam-
ples after graphitization as compared to that after ITC can be 
attributed to the microstructure of the matrix. The graphitization 
operation makes the microstructure of the matrix smoother [40] 
and increases the crystallite size. As a consequence, the phonon 
mean free path is dominated by phonon-phonon interactions 
[26]. Therefore, the thermal diffusivity and thermal conductivity 
at a given temperature is higher for the samples after graphitiza-
tion than after the ITC method. The huge difference between 
the in-plane and through-plane conductivity of the samples, ir-
respective of their processing conditions, can be attributed to the 
availability of a smaller number of continuous heat conduction 
channels in the through-plane direction. This is because most of 
the carbon fibers are aligned in the in-plane direction [26], and 
the microstructure is more disturbed in the through-plane direc-
tion as compared to the in-plane direction [24].

Interestingly, the thermal conductivity of the samples showed 
an increasing trend as a function of temperature as compared to 
those after graphitization. All the samples after the HP method 
and ITC method steps, irrespective of test direction, showed a 
similar trend. From Fig. 11, it can be seen that initially, conduc-
tivity increases steeply as the test temperature increases from 50 
to 100°C. Thereafter, the net increase in thermal conductivity 
remains, but the rate of increase falls comparatively. This par-
ticular trend showing an increase in thermal conductivity with 

Fig. 10. Variation in thermal conductivity with test temperature for dif-
ferent thicknesses.

Fig. 11. Variation in thermal conductivity with test temperature for dif-
ferent processing stages and directions. HP, hot-pressing; IP, in-plane; ITC, 
impregnation thermosetting carbonization; TP, through-plane; G, graphi-
tization.
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composite system imparts higher conductivity to the composite 
system in the x-y plane. Further, the carbon matrix adjacent to 
the carbon fiber filaments might also have aligned along the fila-
ment axis, which would also contribute to the higher x-y plane 
conductivity. 

As is evident from Table 3, after graphitization at elevated 
temperature, the electrical conductivity in both directions has in-
creased by a factor of 2. This can be attributed to the fact that the 
majority of the matrix (PCM, 70.31%) which was graphitizable 
before graphitization, becomes graphitic after graphitization. As 
a consequence, conduction was also facilitated by the carbon 
matrix. After graphitization, the system became like a network 
of conducting inclusions lying in a conducting matrix. This sub-
sequently facilitated conduction as per the percolation theory, 
where conductive paths are in physical contact with each other. 

In this case, after graphitization, the PCM acted as a conduct-
ing path along with P75 carbon fibers, resulting in a 2 fold in-
crease in the conductivity [42].

However, before graphitization the system has a lower per-
centage of graphitic reinforcement (31.97%, P75) along with 
glassy reinforcement (12.92%, T800) in the mixture of GC 
matrix (38.75%, PCM) and glassy carbon matrix (16.36%, 
SCM). This condition facilitates conduction by quantum 
tunneling. The presence of the glassy reinforcement, glassy 
matrix and graphitizable matrix would have created contact 
resistance within the conductive path between two carbon fi-
ber filaments [42].

4. Conclusions

A detailed characterization of the thermo-electrical prop-
erties and physical properties of short fiber carbon/carbon 
(C/C) composite was carried out. Though the dispersion and 
random distribution of carbon fibers in the carbon matrix was 
excellent, the alignment of carbon fibers resulting from uni-
directional pressing dominated the thermo-electrical proper-
ties. The dominance of alignment remained even after graph-
itization, which produced a 2 fold increase in performance 
(electrical conductivity, from 190 to 565 and from 595 to 
1180, for the through-plane and in-plane directions, respec-
tively). The CTE was found to decrease with increasing tem-
perature. Interestingly, thermal conductivity as a function of 
test temperature was found to increase with temperature after 
the HP and ITC method steps, and decreased after graphitiza-
tion. Further, the graphitization resulted in excellent carbon 
purity and a moderate increase in density.

after the ITC method step is shown in Table 2. It can be seen that 
the in-plane direction CTE is very low in the range from RT-
1000°C. This is because most of the fibers are aligned in the in-
plane direction. As a consequence, the net CTE of the composite 
in the in-plane direction is governed by the axial expansion of 
the fibers, and axial expansion of the fibers is generally very 
low or negative. The CTE in the through-plane direction is com-
paratively high in the same temperature range. Further, the CTE 
decreases as the temperature increases. This can be attributed to 
the –ve expansion shown by the graphitic part of the constituents 
at higher temperature. 

3.3. Electrical properties

Over the last few decades, the mechanical and thermal proper-
ties of C/C composites have been widely investigated. Their ex-
cellent combination of thermal and mechanical properties make 
the C/C composites suitable candidates for the thermo-structural 
applications for which they were initially developed. Further, 
their good electrical conductivity combined with light weight 
makes them potential alternatives to metals in several applica-
tions such as satellite and PEM fuel cell components. However, 
until now, a detailed study of their electrical performance has 
not been done. More specifically, measurements of the electrical 
properties of short carbon fiber reinforced C/C composites are 
not available. Clearly, knowledge of their electrical properties 
is a significant factor in deciding their utility for application as 
the bipolar plate of a PEM fuel cell or components of satellites. 
Therefore, a thorough investigation of the electrical conductiv-
ity of the new system was carried out. 

The electrical conductivity in the x-y-plane and z-plane was 
measured as a function of heat treatment temperatures, and the 
results are shown in Table 3. The vast difference between the 
in-plane and through-plane conductivities of the composite after 
the low-pressure ITC method step can be seen. The main rea-
son behind this difference is the availability of more conduction 
paths in the x-y plane due to the alignment of carbon fibers in the 
plane as a result of uni-direction pressing during the HP method 
step, and the higher aspect ratio of carbon fibers. The majority 
of the reinforcement is graphitic and the alignment of the graph-
ite basal planes in the carbon fiber takes place along the fiber 
axis. This is the main cause of the higher conductivity exhib-
ited by carbon fibers in the fiber axis direction, as compared to 
the transverse direction. Their alignment in the x-y plane in the 

Table 2. CTE variation with temperature ranges

Temperature range
CTE (×10–6)

Through-plane In-plane

RT-350 6.08 -

RT-600 5.05 -

RT-800 4.63 -

RT-900 4.01 -

RT-1000 3.50 0.9

CTE, coefficient of thermal expansion

Table 3. Variation in electrical conductivity for both in-plane and 
through-plane directions with processing stages

Processing stages
Electrical conductivity (S/cm2)

Through-plane In-plane

ITC method 190 595

Graphitization 565 1180

ITC, impregnation thermosetting carbonization
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