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Abstract: Using natural gas as carbon source, 2D needle felt as preform, 2D-C/C composites were prepared by thermal gradient
chemical vapor infiltration. Their microstructures were observed under polarized light microscope (PLM) and scanning electron
microscope (SEM), and the flexural behaviors before and after heat-treatment were studied with a universal mechanical testing
machine. The fracture mechanism of the composites was discussed in detail. The results show that, carbon matrix exhibits pure
smooth laminar (SL) characteristic including numerous wrinkled layered structures and some inter-laminar micro-cracks. With the
decreasing density, the strength of the composites decreases and the toughness increases slightly; after 2500 °C heat-treatment, the
inter-laminar micro-cracks in matrix increase, the strength decreases, and the toughness obviously increases. The fracture mode of
the composites changes from brittle to pseudo-plastic characteristic due to more crack deflections in SL matrix.
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1 Introduction

Carbon/carbon (C/C) composites are widely used as
high temperature structural materials in aeronautics
and astronautics due to their excellent properties
including low density, high specific strength and
modulus, and good strength retention ratio at high
temperature [1-3].

As the dominate element, the microstructure of
pyrocarbon matrix has great influence on the mechanical
behavior of C/C composites and some works on it have
been done. GUELLALI et al [4] and LI et al [5] studied
the composites with rough laminar (RL) and RL+
smooth laminar (SL) mixed pyrocarbon matrix. The
results showed that the composites with RL+SL mixed
matrix had higher strength and displayed preferable
fracture toughness, which resulted from the crack
deflection at the positions of inter-laminar micro-cracks
of RL pyrocarbon and the sliding between different
pyrocarbon matrixes. ZHANG et al [6] and XIONG et al
[7] studied the mechanical property of the isotropic
pyrocarbon material and found that the weak interface

bonding between the fibers and the matrix resulted in the
low mechanical properties. For the composites with SL
pyrocarbon matrix, there have been many reports on their
mechanical behavior [8—12], and some similar results
have been obtained. For example, the strength of the
heat-treated sample decreases and the fracture toughness
increases compared to the deposited sample. Their
emphases mainly lay on explaining the change of the
mechanical behavior and the interlayer spacing dy, value
of pyrocarbon after heat-treatment at different
temperatures, but rarely referred to the influence of the
change of SL pyrocarbon microstructure on the
mechanical behavior of the composites. Besides, some
research also mainly focused on the toughness
improvement of the composite by adding nanofibers or
other elements [13—15]. The specialized research on the
mechanical behavior of the composites with SL
pyrocarbon matrix has not been reported. In this work,
the flexural behavior of the composite with pure SL
pyrocarbon matrix is studied with various densities and
pyrocarbon microstructure before and after heat-
treatment, and the crack deflection mechanism under
flexural loading is discussed in detail.
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2 Experimental

2.1 Material preparation

Industrial natural gas (CHy, purity 96%) was used as
carbon source. 2D needle porous carbon fiber felts
(~0.43 g/cm®), made of long carbon fiber layers and
randomly oriented short carbon fiber mats after needle-
punching step by step, and the adjacent long fiber layer
showing 0°/90°/0°/90° architecture, were used as
preforms and then were infiltrated by thermal gradient
chemical vapor infiltration to prepare 2D-C/C
composites. Some composites were heat-treated at
2500 °C for 2 h in argon atmosphere.

2.2 Test methods

The three-point bending test was carried out using
an electronic universal mechanical testing machine
(SANS, CMT-5304, Shenzhen, China). The dimensions
of the samples were 55 mmx10 mmx4 mm, the span was
40 mm and the loading speed was 0.5 mm/min. The
flexural stress was calculated by the following equation:
o 3PL2 ()

2bd
where P is the maximum failure load (N); L is the span
(mm); b is the sample width (mm); d is the sample
thickness (mm).

The microstructure of the composites was observed
using a polarized light microscope (PLM, DMLP, Leica,
Germany). The fracture surface morphology of the
composite was observed using a scanning electron
microscope (SEM, Supra-55, Zeiss, Germany).

The crystal parameters of pyrocarbon were
determined using X-ray diffractometer (XRD,
PANalytical, Almelo, the Netherlands). The interlayer
space dyy, and the apparent layer stack height L. were
calculated, respectively, by the following equations [16]:
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The wavelength A of the used Cu K, ray is 0.154
nm, @ is the Bragg’s diffraction angle (°), B is the full
width at half maximum intensity of (002) peak and K is
the Scherrer constant (K=0.9).

3 Results and discussion

3.1 Microstructure

Figure 1 shows the optical image of the composite.
It can be found that there are numerous residual pores in
mat and some prolate pores in long fiber bundles. At the
interface between the long fiber layer and short fiber mat
the size of some residual pores can reach several

hundreds of microns (big pores in Fig. 1). Generally
speaking, pyrocarbon firstly deposits on the fiber surface
and grows up gradually surrounding carbon fiber, and the
pore filling depends on the gas infiltrating into the
deposition zone in the process of chemical vapor
infiltration. When a certain zone is filled completely with
pyrocarbon, the gas will be very difficult to go on
diffusing through it, which results in the formation of the
residual pore in the composites. With the progressive
densification, the difficulty of the pore filling is
increasing. It can be concluded from the filling and
distribution of the residual pore that, the pyrocarbon
firstly deposits on the fiber surface and grows up
gradually, and surrounds the fiber as the micro
deposition space decreases. Moreover, compared to the
other positions, the gas infiltration at the interface
between long fiber bundle and mat is more difficult, so
that the big residual pore is easily to be formed at these
positions.

Fig. 1 Optical image of 2D-C/C composite

Figure 2 shows the PLM microstructures of the
composite. The carbon fiber is surrounded by pyrocarbon
matrix, and the matrix exhibits numerous irregular
pyrocarbon growth-cones (white arrows) and clear
extinction crosses, indicating that it is typical SL texture
[17]. After heat-treatment, the optical activity of
pyrocarbon slightly increases, and some tiny growth-
cones in the deposited sample have not been found in the
heat-treated sample (Fig. 2(b)).

3.2 Effect of density on flexural behavior of C/C

composites

Figure 3 demonstrates the stress—strain curves of
the samples with different density at the deposited state.
It can be found that, the samples with the density of 1.78
g/lem® display the typical brittle fracture mode, the
samples with a density of 1.71 g/cm’ exhibit a “ladder”
type fracture, and the samples with low density of 1.62
g/em’® present pesudo-plastic fracture characteristic. It is
obvious that the toughness of the sample becomes better
with the decrease of density, while the flexural strength
decreases together with the modulus (Fig. 4).



Wei-feng CAO, et al/Trans. Nonferrous Met. Soc. China 23(2013) 2141-2146 2143

Fig. 2 PLM microstructures of C/C composite: (a)
As-deposited; (b) After heat-treatment
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Fig. 3 Stress—strain curves of 2D-C/C composites with SL
pyrocarbon matrix at deposited state

It is well-known that the mechanical behavior of
2D-C/C composites greatly depends on their densities.
According to the densification mechanism of the porous
performs mentioned in Section 3.1, the pyrocarbon firstly
deposits on the fiber surface, and with the progressive
deposition of pyrocarbon the gas infiltration becomes
more difficult so that some residual pores are formed at
the interface between the long fiber layer and mat. Thus,
with the density decreasing, at the above mentioned
positions the number of pore increases, and the number
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Fig. 4 Flexural strength and modulus of composites with

different density at deposited state

of big pore in preforms also increases correspondingly,
even some larger pores can form in the composites. The
increasing residual big pores could make the interface
bonding between the long fiber layers and mats decrease
due to the formation of more big pores. Moreover, the
thickness of pyrocarbon matrix on the fiber surface in
long fiber bundles is very thin due to the high fiber
volume fraction, making it easy to crack or delaminate as
the load rises (white arrows in Fig. 5). Therefore, the
reinforcement of the fiber perform is greatly decreased,
confirming the decrease of the composite strength with
the decreasing density. However, due to the increasing
pore, which provides the release route of the fracture
energy under flexural loading, the composite toughness
is greatly improved with the decreasing density. It
similarly accords with the reported results in Ref. [18] on
the influence of the distribution of pyrocarbon and fibers
on the fracture characteristic of the composites.

Fig. 5 SEM morphology of 2D-C/C composite

3.3 Effect of heat treatment on flexural behavior of
C/C composites
Figure 6 shows the stress—strain curves of the
composites with SL pyrocarbon matrix before and after
heat-treatment. It can be found that, at the initial loading
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stage, the stress of the sample shows a linear relationship
as a function of the strain. For the as-deposited sample,
the stress reaches the maximum value after a little
yielding and then presents the abrupt drop showing the
“ladder” type fracture characteristic. For the heat-treated
sample, the stress undergoes some “zigzag” waves
before reaching the maximum value and the stress—
strain curve becomes more placid, presenting an ideal
pseudo-plastic fracture characteristic. Compared to the
deposited sample, the flexural strength of the heat-treated
sample decreases by 35%, and the plastic fracture
characteristic becomes more distinct. The flexural
modulus exhibits a less decrease compared with the
stress. It can be concluded that the high temperature
treatment can greatly improve the fracture toughness of
the composite.
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Fig. 6 Stress—strain curves of C/C composites with SL

pyrocarbon matrix before and after heat-treatment

For 2D-C/C composites with the same density, their
flexural behavior is mainly determined by the interface
bonding between the fiber and matrix and the matrix
microstructure. For the deposited sample, the interface
bonding between the fiber and matrix is strong (Fig. 7),
so the stress can be easily transported to the fiber surface,
which favors the high strength. The crack is firstly
formed at the outer region of carbon matrix and
propagates to the fiber surface in the direction
perpendicular to the matrix layer. As the load increases,
only the crack reaches the positions of inter layer or
inter-laminar micro-cracks in matrix, it will be deflected
and the propagation of the stress to the fiber will be
slowed down, companied the release of the fracture
energy (dash line ellipse in Fig. 7), even if the stress
continues to deliver to the fiber surface. Therefore, the
deflection of crack can improve the fracture toughness of
the composites. It is consistent with the results in Ref.
[19]. However, at the deposited state, the SL pyrocarbon
layer is thick and only a few of the layers and
inter-laminar micro-cracks exist (Fig. 8(a)), only a little

fracture energy can be released, which results in the high
strength and brittle fracture characteristic of the
composites. The nearly flat fracture surface of the sample
(Fig. 9(a)) also confirms the fact of the brittle failure.

Fig. 7 Crack deflection in SL pyorcarbon matrix at deposited
state under flexural loading

Fig. 8 Microstructures of matrix before (a) and after (b)

heat-treatment

After heat-treatment, the apparent layer stack height
L. increases, the interlayer spacing dy, value decreases,
the graphitization degree of pyrocarbon increases (Fig.
10), and the residual stress generated during chemical
vapor infiltration can be released [20]. From Fig. 8(b), it
can be found that the inter-laminar micro-crack in SL
pyrocarbon matrix after heat treatment is more (white
arrows) compared to the deposited state, involving
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Fig. 9 SEM morphologies of fracture surface of composites:
(a) As-deposited; (b) Heat-treated
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Fig. 10 XRD patterns of pyrocarbon before and after heat-
treatment

numerous tiny wrinkled layered structures. It indicates
that more crack deflections can occur and more fracture
energy will be released by those interlaminar
micro-cracks, which is similar to the fracture mechanism
of the deposited sample. Besides, the increasing
inter-laminar micro-crack can also make the sliding
among layers easier under loading. All of these
contribute to the fracture toughness of the composites,
although the composite strength decreases. As a result,
the uneven surface morphology and a lot of pulled-out
fibers on the composite fracture after three-point bending
test (Fig. 9(b)) are corresponding to the pseudo-plastic
characteristic. Figure 11 shows the SEM morphology of

the fiber—matrix in the composites after heat-treatment. It
is clear that the crack is firstly formed in the matrix near
the fiber, which results from the mismatch of thermal
expansion coefficient between the fiber and matrix, and
the interface bonding between the fiber and matrix is
weakened. As the load rises, the cracks will be deflected
layer by layer along these inter-laminar micro-cracks
(dashed line ellipse in Fig. 11).

Fig. 11 Crack deflection of heat-treated sample under flexural

loading
4 Conclusions

1) SL pyrocarbon matrix involves numerous
wrinkled layered structures with some inter-laminar
micro-croaks. After heat-treatment, the number of
inter-laminar micro-cracks in the matrix increases.

2) With the decrease of density, the strength of the
composite decreases and the toughness increases. The
fracture behavior of the composites with SL pyrocarbon
matrix is greatly related to the size and distribution of the
pore under flexural loading.

3) After heat-treatment at 2500 °C, the strength of
composite decreases by 35% and the fracture mode
changes from the brittle to pseudo-plastic characteristic
due to the more crack deflection in SL pyrocarbon.
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