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Abstract

Performance of carbon-carbon composites is known to be influenced by the fibre matrix interactions. The present
investigation was undertaken to ascertain the development of microstructure in such composites when carbon fibres possessing
different surface energies (T-300, HM-35, P120 and Dialed 1370) and pitch matrices with different characteristics (Coal tar
pitch SP110°C and mesophase pitch SP285°C) are used as precursor materials. These composites were subjected to two
different heat treatment temperatures of 1000°C and 2600°C. Quite interesting changes in the crystalline parameters as well as
the matrix microstructure are observed and attempt has been made to correlate these observations with the fibre matrix
interactions. 
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1. Introduction

Carbon/carbon composites are increasingly being used in a
number of applications in space, defense, atomic energy etc
due to their superior thermo-mechanical characteristics [1].
These materials are also being explored for high temperature
engine components to increase the efficiency of engines.
More recently, they have become critical materials for
thermal management purposes, as these materials can be
tailor made to suit the specific application. Final perfor-
mance of carbon/carbon composites in terms of mechanical,
electrical and thermal properties depends on the development
of microstructure which in turn depends upon a number of
factors, critical being characteristics of carbon fibres
(topography and surface chemistry), precursor used for
generating the matrix carbon and above all fiber /matrix
interface [2-5]. 

There are numerous studies reported in the last many years
wherein dependence of micro structure on the interface [2, 6-
8] has been advocated. However, there is no report known so
far, wherein any dependence of the microstructure devel-
opment has been established with the surface energetics of
the reinforcement i.e. carbon fibres. It is actually the surface
energy of the two phases i.e. reinforcing carbon fibres and
the matrix, which should decide the type of interactions
established at the polymer stage of composite formation. In
the present studies, therefore, an attempt has been made to
establish relationship between carbon fibre surface energetics
and that of matrix microstructure development, when these
composites are heat treated to high temperatures. 

2. Experimental

Four types of carbon fibers were chosen for the present
investigations. Two of these are PAN based i.e. T-300 and
HM-35 and other two are pitch based carbon fibres namely
P120 and Dialed1370. These fibers were designated as F1,
F2, F3 and F4 respectively. No additional surface treatment
was given to these fibres in the laboratory and these were
used for making composites in as received conditions. The
above variety of carbon fibers were selected because of their
different origin and also varying heat treatment temperatures
so as to ensure that they posses a range of surface energetics.

Two types of pitches were used as matrix precursors for
fabrication of carbon/carbon composites. The codes as well
as their softening points are given in Table 1.

First set of composites was prepared using all the four
types of above mentioned F1, F2, F3 and F4 carbon fibers as
reinforcement and P1 pitch as matrix. These composites i.e.
F1P1, F2P1, F3P1 and F4P1 have been designated as A, B,
C and D respectively.

The second set of composites was made using mesophase
P2 pitch as matrix and carbon fibers F3 and F4 as reinfor-
cements. These composites i.e. F3P2 and F4P2 have been
designated as E and F respectively.

The green composites (20 mm × 30 mm × 3 mm) were
prepared using conventional match mould die technique and
keeping fiber volume of 50 ± 2% for the final composites.
The carbon fibers were chopped first of all to an average size
of about 2 mm and were mixed with pitch powder before
using them for making composites.
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The green composites were carbonized initially up to
600°C at the rate of 5°C/hr in ultra pure nitrogen. After
600°C, carbonization of the samples was carried out up to
1000°C at the rate of 10°C/hr before graphitization to
2600°C, under inert atmosphere.

The carbonized as well as graphitized samples were
characterized for microstructure by using optical microscope
having polarized light, crystallite dimensions as well as
degree of graphitization by X-ray diffraction using CuKα
radiation. The surface energy and its components i.e. disper-
sive and polar were determined by contact angle measure-
ment [9, 10] using Dynamic Contact Angle Analyzer (CAHN-
DCA 322). 

 
3. Results and Discussion

3.1. Surface Energy Measurements
Surface energy components of the carbon fibres were

calculated by following the methodology as detailed in
earlier publication [9]. Measurements were made on the four
grades of fibers and the results are compiled in Table 2.

It is observed from Table 2 that although the total surface
energy of both F1 and F2 fibres is nearly same, the polar
component of F1 is twice than that of F2 fiber. These
measurements are on the expected lines since F2 fiber has
been heat treated to a temperature of more than 2000°C
whereas F1 fiber is perhaps heat treated to a temperature of
the order of 1300°C or so only.

In case of pitch based carbon fibers (F3 and F4), the polar
component in case of F4 is only 3.8 mJ·m−2. The dispersive
component on the other hand is highest. Measurement on
P120 i.e. F3 fiber could not be made perhaps due to the fact
that its polar component is extremely low and dispersive
component very high.

3.2. Crystalline Parameters of Carbon/Carbon Composites
La and Lc values of the samples calculated from the 110

and 002 XRD profiles of the composites are summarized in
Table 3. 

The 002 peak splitting in case of composites A and B
(marked *) is thought to be due to separation of non
graphitic phase i.e. carbon fibres and the graphitic phase i.e.
matrix in the composites when these are heat treated to
2600oC. The crystallite size La of composites A and B at
HTT 1000oC is much lower as compared to composites C to
F, obviously because of much lower La values of PAN based

carbon fibres, with exception for sample D which shows
unusually lower value comparatively. These values show a
marked increase after HTT of 2600oC and almost fall in the
range of 40 nm except for sample B. Surprisingly composite
A shows the same value of La as for pitch fibre based
composites. This is perhaps due to stress graphitization of
the matrix as well as the carbon fibre due to strong fibre
matrix interactions. These interactions have definite bearing
on the high polar components for T-300 fibres than for HM
fibres, as shown in Table 2. 

Similarly the crystallite height Lc of these composites
shows a marked difference in the values between PAN based
and pitch fibre based composites. However, the difference

Table 1. Characteristics of Pitches

Pitch Type Code Softening point

Coal tar pitch P1 110°C
Mesophase pitch P2 285°C

Table 2. Surface energy measurements of carbon fibers

Fiber 
code

Polar component
(mJ·m−2)

Dispersive component
(mJ·m−2)

Total
(mJ·m−2)

F1 12 26 38
F2 6 38 44
F3 − − −
F4 3.81 45.15 48.95

Table 3. Crystalline parameter of carbon composites

Sample 
code

d002 (nm)
1000°C 2600°C

La (nm)
1000°C  2600°C

Lc (nm)
1000°C  2600°C

A 0.3502 0.3426*
0.3383

1.43 39.62 01.72 21.02

B 0.3443 0.3433*
0.3385

5.97 16.41 03.53 17.66

C 0.3429 0.3368 26.70 40.30 17.28 22.20
D 0.3438 0.3399 7.92 44.34 15.77 19.49
E 0.3392 0.3377 31.00 45.20 20.46 22.41
F 0.3401 0.3377 16.47 34.20 12.86 21.74

Fig. 1. Variation in d-spacings of composites with heat treat-
ment temperature On x-axis, Point 1: 1000oC; Point 2: 2600oC.
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becomes insignificant after HTT to 2600oC and the values
almost reach 20 nm for all the composites. This is an
interesting finding, since not only the crystallite sizes of the
composites but also their d002 values come close enough to
separate them in terms of degree of graphitization. So far as
the degree of graphitization or d-spacings and the role played
by stresses are concerned these can be well understood by
looking at Fig. 1. d002 values of various composites at heat
treatment temperatures of 1000°C and 2600°C are plotted. It
is interesting to see that the degree of fall in d002 values
seems to be directly linked with the degree of interactions
between carbon fibres and the matrix established at the

polymer stage. Stronger the interactions, greater is the fall in
the d002 value (for example composite A). If the surface
energy of the fibre is lower, as in the case of pitch based
fibres especially F3, the graphitization of matrix is affected
through the coking process alone with little contribution
coming out from stress graphitisaton.

The advantage of using high modulus carbon fiber i.e. HM
35 as against T-300 carbon fibers seems to get lost, once the
composites are heat treated to higher temperature of 2600°C.
The role played by surface energetics, particularly polar
component in controlling microstructure of the composites
thus becomes very clear.

Fig. 2. (a) Optical micrograph of sample A HTT 1000°C showing columnar type of microstructure developed due to strong fiber/
matrix bonding. Arrow show split porosity and x marked regions show cracks/fissures formed due to shrinkage of matrix during cool
down. (b) Optical micrograph of sample B HTT 1000°C showing formation of coarse grain mosaic texture and some annular gaps at
fiber/matrix interface marked by arrows. (c) Optical micrograph of sample A HTT 2600°C showing formation of fine grain and coarse
grain mosaic texture. (d) Optical micrograph of sample B HTT 2600°C showing enhancement of optical activity, anisotropy particu-
larly at fiber/matrix interface.
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3.3. Microstructure of composites A and B 

3.3.1. Composites heat treated to 1000°C 
The surface functionality, as revealed by the polar compo-

nent, is maximum in case of F1 fibres. Because of the high
surface energy with this grade of fibres, strong interactions
with the pitch matrix are expected during carbonization.
Fiber will resist shrinking away of pitch matrix from its
surface. It would rather anchor the matrix with its surface
resulting into columnar type of microstructure in the matrix
as seen in Fig. 2(a). However, there are regions where the
matrix shows a fine mosaic texture between the fibre cross
sections. This could be perhaps from the fiber ends below
the plane of polished surface contributing to the close fibre-
matrix interactions. 

Since the polar component of surface energy of the high
modulus PAN based fibre F2 is lower as compared to high
strength PAN based fibre F1, the fibre matrix interactions are
obviously expected to be weaker comparatively. The optical
micrographs in Fig. 2(b) of composite samples though still
show predominantly a columnar type micro texture, the
extent of regions showing flow type texture is more compar-
ed to that of in Fig. (2a). One can observe only coarse-
grained mosaic structure at some regions. 

3.3.2. Composites heat treated to 2600°C 
Upon heat treatment to 2600°C the anisotropy in these

composites increases to a large extent as manifested by an
increase in the total area as well as intensity of differential
interference contrast colours of matrix carbon. The texture of
intrabundle matrix carbon is not uniform throughout the
region. The structure of some of the matrix regions is coarse
grained mosaic whereas the structure of other regions is fine
grained mosaic. Due to stress graphitization the matrix has
achieved a fair degree of graphitization as is evident from the
colours observed under polarized light Figs. 2(c) and 2(d).
This type of microstructure should not be very conducive for
thermal conductivity etc.

3.4. Microstructure of composites C and D 

3.4.1. Composites heat treated to 1000°C and 2600°C 
It is common knowledge that during processing, pitch

based carbon fibers are heat treated to temperatures of
≥ 2000°C. Hence its surface is more smooth and less
energetic compared to PAN based carbon fibres. Interactions
between pitch based carbon fibers and coal tar pitch are
expected to be weaker compared to PAN based carbon
fibres. This is evident from Figs. 3(a) and 3(b), which show
that the microstructure of matrix is lamellar in nature. There
are annular gaps between fiber surface and matrix carbon as
the fiber/matrix bonding is weak and matrix can shrink away
from fiber during processing. Even in the bulk matrix,
present between the fibers, there are cracks/fissures gener-

Fig. 3. (a) Optical micrograph of sample C HTT 1000°C show-
ing annular gaps at fiber/matrix interface due to weak bonding
between fiber and matrix, craks/fissures in the bulk matrix. (b)
Optical micrograph of sample C HTT 2600°C showing forma-
tion of annular gaps at fiber/matrix interface due to very weak
bonding between fiber and matrix as the fiber has less surface
energetics (polar component 3.8 mJ/m2). (c) Optical micrograph
of sample D HTT 1000°C showing formation of lamellar type
microstructure, cracks/fissures in bulk matrix and annular gaps
at fiber/matrix interface. 



66 R. B. Mathur et al. / Carbon Science Vol. 5, No. 2 (2004) 62-67

ated during cool down of the composites, which are the
result of different CTEs of fiber and matrix (8) leading to
split porosity in the matrix (marked by arrows). The matrix
present in the intrabundle fibers shows anisotropy with
alignment of graphitic planes of matrix parallel to the surface
of the fiber. Such type of structure should be more conducive
to thermal properties particularly the thermal conductivity

On heat treatment to 2600°C, composite C (Fig. 3c) shows
an increase in the total anisotropy of the matrix, which is
reflected by the intensity of colours generated as well as the
area of martix showing anisotropy. Some of the regions of
matrix show fine-and coarse grained mosaic type of texture
as well. It is important to note that the carbon fiber also
shows anisotropy, which is reflected by intense colours
generated in the fiber microstructure. Rest of the features of
the matrix carbon is same as observed in the sample C heat
treated to 1000°C. 

3.5. Development of microstructure of composites F heat
treated to 1000°C and 2600°C 

Fig. 4(a) shows optical micrograph of sample heat treated
to 1000°C. The sample shows the formation of large annular
gaps at fiber/matrix interphase due to weak/poor bonding as
well as cracks/fissures in bulk matrix due to difference in
CTE of fiber and matrix as explained above. Microstructure
of the matrix is purely lamellar in nature showing flow
characteristics of mesophase pitch as well as optical activity.
Matrix graphitic planes seem to have aligned parallel to the
surface of fiber. At some regions the cracks generated in the
bulk matrix due to shrinkage of matrix carbon are at an angle
to the surface of the matrix (marked by arrow) which has
been created due to shearing of layer planes of matrix
carbon. 

Interestingly, after heat treatment of the sample to 2600oC
the matrix shrinks on the fibres leading to compactness
between the fibre and the matrix Fig. 4(b). The annular gaps
disappear and perfectly dense structure results. Nature of
matrix texture, at some of the regions particularly the matrix
adjacent to fiber surface, has changed from lamellar to
columnar. Here, not only the matrix present at fibre/matrix
interface shows anisotropy but bulk matrix also shows a fair
amount of anisotropy. Even the cross section of carbon fibres
shows the presence of prismatic planes to some extent,
which is indicative of the radial texture in the cross section
of carbon fibres. The above microstructure study clearly
brings out that the nature of the carbon fibre used for making
carbon-carbon composite has a profound effect on the
development of the microstructure of the matrix which in
turn will affect thermal properties also. 

4. Conclusions

Development of microstructure in the composites was
found to be influenced by the type and surface chemistry of
reinforcement as well as the matrix precursor. The extent of
anisotropy was found to be enhanced by mesophase pitch
matrix as well as on heat treatment to higher temperatures.
There is enhancement in the dimensions of the crystallites on
heat treatment of the samples to higher temperatures of
2600°C. 
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Fig. 4. (a) Optical micrograph of sample F HTT 1000°C show-
ing formation of annular gaps at fiber/matrix interface with flow
type texture. Bulk matrix shows formation of cracks. (b) Optical
micrograph of sample F HTT 2600°C showing strong fiber/
matrix interactions and their microstructure merging with each
other at some regions, cracks/fissures in bulk matrix and large
amount of anisotropy.
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