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Abstract 

The study of mechanical properties and fracture behaviour of carbon/carbon composites is significant to its application and
development. These are dependent on microstructure and properties of reinforcing fibers and matrix, fiber/matrix interface
and porosity/cracks present in the composites. In the present studies high-density carbon/carbon composites have been
prepared using PAN and various pitch based carbon fibers as reinforcements and pitch as matrix with repeated densification
cycles using high-pressure impregnation and carbonization technique. Scanning electron microscopy has been used to study
the fracture behaviour of the highly dense composites and correlated with structure of the composites. The geometry of
reinforcement and presence of unfilled voids/cracks was found to influence the path of crack propagation and thereby the
strength of composites. The type of stresses (tensile or compressive) accumulated also plays an important role in fracture of
composites.
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1. Introduction

Carbon/carbon composites with tailorable mechanical and
thermal properties are unique class of materials to have
attracted attention as candidate material for applications in
various fields including thermal management systems such
as heat sinks, substrates for electronic elements and plasma
facing components of fusion devices [1, 2]. It is under-
standable that the desired properties in the composites can be
achieved by utilizing those of reinforcing fibers. However,
translation of fiber mechanical properties in the composites
is through different mechanism than for electrical or thermal
properties. Therefore, a lot of work has been reported on the
effect of reinforcing fibers having different mechanical and
surface characteristics on the mechanical properties of
carbon/carbon composites and their fracture behaviour [1, 3-
5]. Since reinforcing carbon fibers are the major load-
bearing component in carbon/carbon composites, the proper-
ties of these fibers, load distribution amongst the fibers
through matrix system also control the ultimate fracture
behaviour and mechanical properties of carbon/carbon com-
posites. Latter requires judicial control of fiber/matrix inter-
face. Therefore, the dependence of mechanical properties of
carbon/carbon composites on type of interface between fiber
and matrix has been the theme for various studies [5-7].
Carbon/carbon composites with a weak interface, which is
often observed with untreated carbon fibers, may show high

tensile or flexural strength but may be accompanied by poor
behaviour in compression and shear. Unlike in polymer
composites, a strong interface in a carbon/carbon composite
may result in lower strength and tendency to more catastro-
phic failure behaviour. Various attempts have been made to
optimize the two extreme conditions of fiber/matrix interface
to achieve maximum fiber properties translation in the com-
posites and non-brittle failure. Carbon/carbon composites are
processed in different ways such as CVD, polymer or pitch
impregnation under different pressures and hence posses
different macrostructures. These processing routes greatly
influence the density and macrostructure (type and quantities
of pores), the matrix microstructure (orientation and
graphitic planes) etc. These factors, in turn, influence the
mechanical properties of the composites and fracture of
carbon/carbon composites. 

The present paper reports studies on macrostructure of
high-density pitch based carbon/carbon composites fabricat-
ed by high temperature high-pressure impregnation/carboni-
zation cycles and their mechanical properties.

2. Experimental

Unidirectional (UD) and two directional (2D) composites
were made with following types of carbon fibers and matrix
precursors.
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Reinforcements (Table 1): UD and 2D
High strength (HT) PAN carbon fibers (PAN), high

modulus (HM) pitch fiber (HM-700) and ultrahigh modulus
Thornel pitch fibers (P-100) 

Matrix precursors:
AR mesophase pitch (AR), low quinoline content pitch

(LQI) and high quinoline content pitch (HQI) as matrix
precursor. 

Two directional (2D) composites were made with high
strength PAN carbon fibers as reinforcements and AR
mesophase pitch (AR), low quinoline content pitch (LQI)
and high quinoline content pitch (HQI) as matrix precursor.
The carbon fibers/pitch composites were first carbonized to
550~1000 oC in nitrogen atmosphere followed by densified
by high-pressure impregnation and carbonization technique
(HIP) under pressure of 400~550 bars. These composites
were graphitized (2500~2700 oC) after each HIP under
normal pressure of inert gas. Densification carried out to
four cycles. The mechanical properties of these composites
were determined on Instron Universal Testing Machine
4483. Their fractured surfaces were studied using Hitachi S
3000N scanning electron microscope. 

3. Results and Discussion

3.1. Flexural properties of unidirectional carbon/carbon
composites

3.1.1. Influence of fiber type on flexural properties of
unidirectional carbon/carbon composites 

The reinforcement is the major load bearing component in
the composite. For the maximum utilization of the strength
of the reinforcement the fiber-matrix bonding must be
sufficient enough to transfer the load from matrix to fiber
(1). High strength PAN based and pitch based carbon fibers
have got different surface morphologies and accordingly the
fiber-matrix bonding or interactions. It is well established
that high strength PAN based carbon fibers make strong
bond with the matrix systems while pitch based fibers make

intermediate bond with the matrix systems. Consequently
PAN based carbon fibers reinforced composites showed
better flexural properties as compared to pitch based carbon
fibers reinforced composites. Table 2 shows flexural proper-
ties of composites reinforced with different types of carbon
fibers. Composites made with PAN based carbon fibers
show highest flexural strength (561.7 MPa) than the pitch
fiber reinforced composites (280.6 MPa and 416.1 MPa for
high modulus HM-700 and ultra high modulus P-100 pitch
based carbon fibers reinforced composites respectively). The
high flexural strength of PAN based carbon fiber reinforced
composites is attributed to good bonding between fiber and
matrix, which enables the maximum utilization of fiber
strength. This is reflected in fracture behaviour of these
composites as well. The stress-strain curve of this composite
displays pure tensile type fracture behaviour though at lower
loads shear type failure appears, which suggests strong
bonding between fiber and matrix (Fig. 1). Further the curve
falls rapidly after maximum load without any further
displacement at maximum load. This sudden fall is of tensile
in nature and appears to be initiated from the bottom region

Table 1. Properties of Carbon Fibers

Carbon Fiber Type Density (gm/cc) Tensile strength (GPa) Tensile modulus (GPa)

PAN PAN 1.76 3.75 231
P-100 Thornel Pitch 2.16 2.41 758

HM-700 Pitch 2.12 2.09 750

Table 2. Flexural properties of UD carbon/carbon composites (AR-mesophase pitch) reinforced with different types of carbon fibers

Configuration Density (gm/cc) Fiber content (%) Flexural strength (MPa) Flexural modulus (GPa)

PAN C-fiber/AR 1.768 65 561.7 151.2
HM-700/AR 1.849 56 280.6 109.9

P-100/AR 2.052 54-55 416.1 222.9

Fig. 1. Stress-strain curve of fractured UD PAN based carbon
fiber reinforced AR mesophase pitch composite.
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of the composite where tensile stress is affected. It is because
of this reason that the SEM image of fractured surface shows
tensile type fracture at bottom side of the composite while
shear type fracture at upper side of composites (Fig. 5).
However the nature of fracture will ultimately depend on
micro and macrostructure of localized region where stresses
are being accumulated. The upper region displays fiber pull
out, which indicates weak bonding between fiber and matrix
(some fiber/matrix interface gets weakened with repeated
graphitization technique) and low compressive properties of
the composite. Fig. 6 shows fractured composite at higher
magnification. The composite with PAN based carbon fibers
having randomly arranged graphitic layers show tensile type
failure. It is because of this reason that the stress-strain curve
shows pronounced tensile type nature of fracture. 

On the other hand as seen in Fig. 2 in case of high
modulus HM-700 pitch fiber reinforced composites, after
initial fall in curve, the subsequent displacement at lower
stress is more pronounced in comparison to PAN based
carbon fiber composite. The microstructure of these com-
posites consists of annular gaps due to poor bonding bet-
ween fiber and matrix. During mechanical testing the crack
may get deviated at fiber-matrix region by absorbing the
fracture energy. It is because of this reason that the stress-
strain curve exhibits typical tensile cum shear type failure of
the composites, which suggests various interfaces within the
composites. The SEM image (Fig. 7) shows comparatively
higher fiber pull-out than PAN based carbon fiber composite.
It shows tensile cum shear fracture behaviour at bottom side
where tensile stress has prevailed. The upper side of
composite shows maximum fiber pull out due to poor fiber/
matrix bonding. The pitch fiber shows pure shear type
fracture behaviour due to good graphitic nature of the pitch
fiber (Fig. 8). The poor bonding coupled with high graphitic
nature of fiber made pronounced shear type fracture

behaviour of the composite. The low flexural strength of
composite is due to lower strength of the HM-700 carbon
fibers.

Fig. 3 shows stress-strain curve of ultrahigh modulus P-
100 pitch fiber reinforced composites. These correspond to
pure shear type fracture behaviour, which is typical fracture
behaviour of composites having poor fiber/matrix bonding
all over the composite. The comparatively high flexural
strength of ultrahigh modulus reinforced composites than
high modulus reinforced composites is probably due to
lower strength of these carbon fibers. It shows sustained
maximum load at higher displacement. The uniform nature
of fiber/matrix bonding is revealed from the fractured
surface of ultrahigh modulus reinforced composite (Fig. 9).

Fig. 2. Stress-strain curve of fractured UD high modulus pitch
based carbon fiber (HM-700) reinforced AR mesophase pitch
composite.

Fig. 3. Stress-strain curve of fractured UD ultra high modulus
pitch based carbon fiber (P-100) reinforced AR mesophase
pitch composite.

Fig. 4. Stress-strain curve of fractured UD PAN based carbon
fiber reinforced (a) low QI and (b) high QI content pitch com-
posites.
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The fiber pull out can be seen at both bottom as well as
upper side of the composites. 

The flexural modulus of ultrahigh modulus carbon fibers
reinforced composites was found to be more as compared to
high strength and high modulus carbon fiber reinforced
composites. This is due to highly graphitic structure of
ultrahigh modulus carbon fiber in the composite. P-100
Thornel carbon fibers have got highly graphitic structure
than HM-700 and PAN carbon fibers. The higher flexural

modulus of the high strength PAN based carbon fibers
reinforced composites than high modulus pitch carbon fibers
suggests that strong interactions between PAN carbon fiber
and matrix led to highly oriented graphitic structure in the
matrix surrounding the fibers. Further a significant contribu-
tion of the matrix, especially of the interfilament region, to
the modulus of the composites can be expected with high
oriented carbon matrix like mesophase pitch. Therefore in
case of PAN based carbon fiber reinforced composites, the
highly oriented matrix contributes significantly towards the
flexural modulus of the composites.

3.1.2. Influence of Matrix type on flexural properties of
unidirectional carbon/carbon composites

The effects of quinoline insoluble content in the pitch on
the microstructure of carbon matrix are well studied [8, 9].
Although such carbon matrix does not contribute to an
improvement in the strength of carbon/carbon composites, it
does control the fracture behavior decisively and enhances
the final fiber-strengthening factor. Further, the presence of
highly oriented secondary matrix may additionally contribute
to the fracture behavior and modulus of composites. Table 3
shows the effect of matrix on the flexural properties parti-

Fig. 5. Fractured UD composite made with HT PAN based car-
bon fiber and AR mesophase pitch showing tensile cum shear
type failure.

Fig. 6. Fractured UD composite made with HT PAN based car-
bon fiber and AR mesophase pitch showing fiber out.

Fig. 7. Fractured UD composite made with HM –700 pitch fiber
as reinforcement and AR mesophase pitch as matrix.

Fig. 8. Fractured UD composite made with HM –700 pitch fiber
as reinforcement and AR mesophase pitch as matrix showing
fiber pull out.

Fig. 9. Fractured UD composite made with ultra high modulus
P-100 Thornel pitch fiber as reinforcement and AR mesophase
pitch as matrix. 
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cularly flexural modulus of the composites having same
fibers but different matrix structure. Carbon/carbon com-
posites having low quinoline insoluble content pitch based
carbon matrix exhibited flexural strength of 560 MPa while
that having high quinoline insoluble content exhibited
flexural strength of 390 MPa. This is due to lower fiber
volume fractions and unfilled voids in bulk matrix of latter
composites. The significant influence of matrix type can be
seen on the flexural modulus property of composites. The
composite having low quinoline insoluble content pitch
matrix shows flexural modulus of 150 GPa while that having
high quinoline insoluble content pitch carbon matrix shows
modulus of 102 GPa. This is attributed to the long range
lamellar structure of the matrix in former composites and
fine mosaic structure in latter composites. Both these
structures influence the stiffness (flexural modulus) property
of the composites. Further, it is interesting to see the stress-
strain curve of the composite having high quinoline insolu-
ble content pitch carbon matrix. It exhibits tensile cum shear
type fracture failure of the composite, which was not the
case with low quinoline insoluble content pitch carbon
composites (Fig. 4). This suggests the role of fine mosaic
matrix structure in deviating the crack propagation. The
presence of unfilled voids and filled voids contributed to
further the tensile and shears type fracture failure. The crack
propagation through the unfilled voids was in tensile manner
while those densified with impregnated pitch, being highly
graphitic in nature, was in shear mode. This is evident from
the SEM image of fractured surface of high quinoline
insoluble content pitch (Fig. 10). It shows unfilled voids,
which fails abruptly and filled voids failing in shear fashion.

The cracks within the impregnated pitch also deviated the
crack propagation.

Fig. 11 shows SEM micrographs at high magnification.
The fibers are seen to have fractured in tensile manner.
Therefore, as a whole, the composite with high quinoline
insoluble content having multifaceted structure succumbed
to fracture in a tensile cum shear manner. 

3.2. Flexural properties of Two directional carbon/carbon
composites

Table 4 shows the flexural properties of two directional
carbon/carbon composites having different matrix systems.
The flexural strength of the composites made with low
quinoline insoluble content pitch was found to be 40~50%
more as compared to those made with high quinoline insolu-
ble content pitch. Same trend is observed in the direction
parallel and perpendicular to ply lay up. The flexural
modulus was also found to be more in case of composite
with low quinoline insoluble content pitch. Though similar
influence of matrix type was found in unidirectional com-
posites there is large difference between flexural properties
of unidirectional and two directional carbon/carbon com-
posites. The flexural strength of unidirectional composites
was thrice the flexural strength of two directional composites
while flexural modulus was double. This may be due to
interlayer voids present in the two directional composites
and modification of matrix structure due to presence of
fibers in two directions. Further the fracture mechanism is
different due to presence of such interlayer voids and
coplanar cracks present in the composites. It is found that the
unfilled coplanar cracks (cracks oriented between 0 and
90 oC with respect of fiber layers) and unfilled voids in

Table 3. Flexural properties of UD carbon/carbon composites (LQI- Low QI pitch, CTP-High QI pitch) reinforced with different types
of carbon fibers

Configuration Density (gm/cc) Fiber content (%) Flexural strength (MPa) Flexural modulus (GPa)

PAN C-fiber/LQI 1.768 65 561.7 151.2
PAN C-fiber/CTP 1.757 47 389.7 101.9

Fig. 10. Fractured UD composite made with HT PAN based
carbon fiber and high quinoline content pitch showing tensile
cum shear type failure.

Fig. 11. Fractured UD composite made with HT PAN based car-
bon fiber and high quinoline content pitch showing fiber out.
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between ply act as stress centers and gives path for crack
propagation. Fig. 12 shows fracture in composites made with
AR mesophase pitch as matrix in direction parallel to lay up.
It shows that the crack was initially started from bottom of
the composite where tensile stress was prevailing. The
cracks at bottom side are found to be wider than the gap at
upper side where surface of composite was under compre-
ssion. The cracks are seen diverting as when comes in
contact with various interfaces. It is because of this reason
that the stress-strain curve shows tensile cum shear type
fracture failure in the direction parallel to ply lay up (Fig.
13a). It is interesting to see that the composite failed in pure
tensile fashion in the direction perpendicular to fiber lay up.
This is also evident from the SEM micrograph of fractured
surface (Fig. 14a and b) and stress-strain curve of composite
(Fig. 13b). The crack propagated almost straight with
deviation at voids. The failure may be due to coplanar cracks
and voids present in the composite. It is because of this

Table 4. Influence of matrix type on flexural properties of 2D carbon/carbon composites (Fiber content- 40~50%)

Configuration Density (gm/cc) Flexural strength (Mpa) Flexural modulus (Gpa)

PAN C-fabric/LQI 1.752 197.5 (para)
183.0 (perp)

73.04 (para)
65.22 (perp)

PAN C-fabric/CTP 1.850 116.2 (para)
087.5 (perp)

52.22 (para)
36.12 (perp)

PAN C-fabric/AR 1.952 220.3 (para)
162.2 (perp)

73.75 (para)
53.45 (perp)

Fig. 12. Fractured 2D composite made with HT PAN based car-
bon fabric and AR mesophase pitch in the direction parallel to
ply lay-up.

Fig. 13. Stress-strain curve of 2D PAN based carbon fabric rein-
forced AR mesophase pitch composite in the direction (a) paral-
lel and (b) perpendicular to the ply lay up.

Fig. 14a. Fractured 2D composite made with HT PAN based
carbon fabric and AR mesophase pitch in the direction perpen-
dicular to ply lay-up.
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reason that though flexural strength of AR mesophase pitch
based composite shows high flexural strength (220 MPa) in
the direction parallel to ply lay up, it shows lower flexural
strength (162 MPa) in the direction perpendicular to ply lay
up as compared to low quinoline insoluble content pitch
based composite (197 MPa and 183 MPa respectively).
Further the SEM micrograph of fractured surface of low
quinoline insoluble content pitch based composite does not
show such fracture behaviour in the direction perpendicular
to ply up (Fig. 17a and b). It shows deviation of cracks at
different interfaces. The stress/strain curve displayed tensile

cum shear fracture behaviour (Fig. 16). Fracture behaviour
in the direction parallel to ply lay up also appeared to be
similar having deviation of cracks at different interfaces
(Fig. 15a and b). Hence not much difference was observed in
flexural strength of low QI based composite both parallel
and perpendicular directions.

Figure 18 (a and b) shows fracture surface of composites
made with high quinoline insoluble content pitch in the
direction parallel and perpendicular to ply lay up. It dis-
played tensile cum shear fracture behaviour. As a whole as
compared to unidirectional carbon/carbon composites the
fracture behaviour of 2D carbon/carbon composite is affect-
ed by the presence of multiple voids and coplanar cracks in
the composites. Consequently the stress-strain curve of two
directional composites show more saw tooth type fracture
behaviour as compared to unidirectional carbon/carbon
composites.

Fig. 14b. Fractured 2D composite made with HT PAN based
carbon fabric and AR mesophase pitch in the direction perpen-
dicular to ply lay-up showing tensile type behaviour.

Fig. 15a. Fractured 2D composite made with HT PAN based
carbon fabric and low quinoline content pitch in the direction
parallel to ply lay-up.

Fig. 15b. Fractured 2D composite made with HT PAN based
carbon fabric and low quinoline content pitch in the direction
parallel to ply lay-up showing tensile cum shear behaviour.

Fig. 16. Stress-strain curve of 2D PAN based carbon fabric rein-
forced low QI composite in the direction (a) parallel and (b)
perpendicular to the ply lay up.
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4. Conclusion

The mechanical properties of carbon/carbon composites
were found to depend on micro and macro structure of fiber
and matrix used. The impregnated pitch (secondary matrix)
in the pores fails in shear fashion while the unfilled
micropores make the composites to fails in tensile fashion.
The quinoline insoluble (QI) content is also found to affect
the flexural strength and flexural modulus of the composites.

Flexural properties were found to be higher in case of
composites having low QI content pitch. The geometry of
reinforcement and presence of unfilled voids/cracks was
found to influence the propagation of crack and thereby the
strength of composites but nature of fracture ultimately
depends on micro and macrostructure of localized region.
Orientation of graphitic planes of the matrix system either
through choice of low QI pitch/mesophase pitch or due to
stress graphitization is a prerequisite to achieve higher
modulus of the composites.
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Fig. 17a. Fractured 2D composite made with HT PAN based
carbon fabric and low quinoline content pitch in the direction
perpendicular to ply lay-up.

Fig. 17b. Fractured 2D composite made with HT PAN based
carbon fabric and low quinoline content pitch in the direction
perpendicular to ply lay-up showing tensile cum shear behav-
iour.

Fig. 18a. Fractured 2D composite made with HT PAN based
carbon fabric and high quinoline content pitch in the direction
parallel to ply lay-up showing tensile cum shear behaviour.

Fig. 18b. Fractured 2D composite made with HT PAN based
carbon fabric and high quinoline content pitch in the direction
perpendicular to ply lay-up showing tensile cum shear behav-
iour.
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