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Abstract

2D Cf–CNT/SiC composite was fabricated by the hand-lay-up-molding–PIP method, with carbon fiber coated with carbon nanotubes

(CNTs) as reinforcement. Chemical vapor deposition (CVD) was conducted to obtain a homogeneous dispersion of CNTs on carbon

fiber with Al2O3 as a catalyst promoter, which adhered to the carbon fiber together with a catalyst precursor impregnated in

Fe(NO3)3 � 9H2O and Al(NO3)3 � 6H2O solutions. The results showed that the interlaminar shear strength (ILSS) of Cf–CNT/SiC

composite increased by 100.9% and the thermal conductivity in the orientation perpendicular and parallel to the carbon fiber direction

increased by 24.3% and 78% respectively compared to the Cf/SiC composite.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Carbon nanotubes (CNTs) have attracted much atten-
tion as potential reinforcements for composites due to their
excellent mechanical, electrical, and thermal properties
[1–6]. However, the natural tendency of CNTs is to exist
as agglomerates for their strong surface forces [7–9], which
limits their application as uniformly dispersed reinforce-
ments. Recently, researchers have attempted molecular
level mixing [10], sol–gel process [11,12], heterocoagulation
[13,14], spray drying [15,16] and chemical vapor deposition
(CVD) [7,17] to effectively disperse the CNTs in the
ceramic matrix. All of these CNTs dispersion techniques
have evinced varying degrees of success with some
limitations.

This study suggested that the growth of CNTs on
carbon fiber (Cf) by CVD provided an excellent alterna-
tive, not only to ‘‘disperse’’ CNTs in the composite but
also obtain a ‘‘dense’’ coating. Hence, the objective of the
present study is to synthesize Cf–CNTXSiC composite
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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with high density CNT dispersion and excellent interlami-
nar shear strength (ILSS) and thermal conductivity.
2. Material and methods

Hybrid reinforcement of carbon fiber grafted with CNTs
(Cf–CNTs) was synthesized by CVD with Al2O3 as the
catalyst promoter. Carbon fibers T300 were made to
undertake nitride acid treatment, and were then impreg-
nated in Fe(NO3)3 � 9 H2O and Al(NO3)3 � 6 H2O solutions.
The CNTs were grafted on the carbon fibers as described
by Fan Z et al. [18].
The obtained Cf–CNTs hybrid reinforcement was infil-

trated with phenolic resin. Then the reinforcement was
pressed, which was then infiltrated with xylene and poly-
carbonsilane (PCS) slurry several times to fabricate the
Cf–CNT/SiC composites after pyrolysis and solidification.
The ILSS test was conducted on an INSTRON 5566

(Instron Corp., Canton, MA) universal testing machine
using double-notched shear specimens (DNS) [19] as
shown in Fig. 1. The microstructure of the fracture
surfaces was characterized by a JEOL JEM-6700 Hitachi
ll rights reserved.
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Fig. 1. (a) Schematic illustration of an ILSS test fixture and (b) Test specimen geometry.

CNTs Cf

CNT braid

Fig. 2. SEM image of CNTs on carbon fiber with the Al2O3 as the catalyst promoter.
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scanning electron microscope (SEM) with a field-emission
gun operated at 10 kV.

Thermal conductivity was measured by a laser flash
technique with a laser conductometer (Shanghai Institute
of Ceramics, Chinese Academy of Sciences, Shanghai, China).
The thermal diffusivity measurement of Cf–CNT/SiC compo-
sites was done with the orientation perpendicular or parallel
to the carbon fiber direction.

3. Results and discussion

3.1. Growth of braid CNT on carbon fiber and mechanism

Fig. 2 reveals the SEM image of CNTs on carbon fibers
with Al2O3 as the catalyst promoter. As is shown in
Fig. 2a, carbon fiber, which is marked with an arrow, is
surrounded by a lot of CNTs. Besides, the length of CNTs
shown in Fig. 2a can reach 1 mm. Fig. 2b is the high
resolution SEM image of Fig. 2a, and it is obviously
demonstrated that CNT braid can be obtained with Al2O3

as the catalyst promoter. Therefore, it is hopeful to
enhance the composite interfacial bond strength to fabri-
cate Cf–CNT/SiC composite with excellent ILSS and
thermal conductivity.

Fig. 3 shows the XRD patterns of carbon fibers after
different CVD processes. Fig. 3I displays the XRD pattern
of carbon fibers after different CVD processes with no
catalyst promoter. Fig. 3Ia shows the XRD pattern of
carbon fiber without any treatment; Fig. 3Ib shows the
XRD pattern of the carbon fiber that has adsorbed the
catalyst precursor; Fig. 3Ic shows the XRD pattern of the
carbon fiber that has been impregnated with the catalyst
precursor solution and has undertaken thermal treatment
at 750 1C under Ar gas atmosphere for 30 min; Fig. 3Id
shows the XRD pattern of the carbon fiber that has been
impregnated with the catalyst precursor solution and has
undertaken thermal treatment at 750 1C under H2 gas
atmosphere for 30 min; Fig. 3Ie shows the XRD pattern of
the carbon fiber grafted with carbon nanotubes; Fig. 3II
shows the XRD patterns of carbon fibers after different
CVD processes, and Al2O3 was used as the catalyst
promoter; Fig. 3IIa shows the XRD pattern of the carbon
fiber that has adsorbed the catalyst and the catalyst
promoter precursor; Fig. 3IIb shows the XRD pattern of
the carbon fiber that has been impregnated with the
catalyst and catalyst promoter precursor solution and
has undertaken thermal treatment at 750 1C under Ar
gas atmosphere for 30 min; Fig. 3IIc shows the XRD
pattern of the carbon fiber that has been impregnated with
the catalyst and catalyst promoter precursor solution and
has undertaken thermal treatment at 750 1C under H2 gas
atmosphere for 30 min; and Fig. 3IId shows the XRD
pattern of the carbon fiber grafted with carbon nanotubes.
It is indicated in Fig. 3I that the main components of

carbon fiber which has been impregnated with
Fe(NO3)3 � 9H2O solution are C and a-Fe2O3; some
Fe3O4 appears in the carbon fibers after 30 min heat
treatment at 750 1C; then Fe2C came up after catalyst
reduction in hydrogen ambience at 750 1C for 30 min.
Finally, all oxides of iron were substituted by Fe2C and
Fe3C after the growth of CNTs on carbon fibers. Besides,
it is revealed in Fig. 3Ia and b that the diffraction peak of
(100) of crystal surface of graphite structure became
weaker as the CVD process went on, while the diffraction
peak of (400) of crystal surface of graphite structure nearly
disappears. As a result, it is evident that the graphite



Table 1

ILSS and thermal conductivity of 2D Cf/CNTs–SiC composite and 2D Cf–SiC composite.

Fiber content (%) Density (g/cm3) Open porosity (%) ILSS (Mpa) Thernal conductivity l (W/(m K))

l? lJ

Cf–SiC composite 54 1.62 7.19 21.4 4.47 7.3

Cf/CNT–SiC composite 54 1.66 6.6 43 3.07 13

Fig. 3. XRD images of carbon fiber after different CVD processes: (I) Without any the catalyst promoter; (II) Using Al2O3 as the catalyst promoter.
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structure of carbon fiber was gradually destructed as the
CVD process went on.

As is shown in Fig. 3II, the main components of carbon
fiber which have been impregnated with Fe(NO3)3 � 9H2O
and Al(NO3)2 � 6H2O solutions are C, Al2O3, FeAl2O4 and
a-Fe2O3. There is no Fe3O4 but g-Fe2O3 is present in the
carbon fibers after 30 min heat treatment at 750 1C, then
Fe2C came up after catalyst reduction in hydrogen ambi-
ence at 750 1C for 30 min. Finally, all oxides of iron were
substituted by Fe2C and Fe3C after the growth of CNTs
on carbon fibers. Besides, it is revealed in Fig. 3IIa–d that
the diffraction peak of the compound of FeAl2O4 became
weaker as the CVD process went on.

Therefore, the following conclusions as follows can be
obtained by comparing Fig. 3I and II: (1) the graphite
structure of carbon fiber can be protected from destruction
with Al2O3 as the catalyst promoter; (2) when there was no
catalyst promoter, a-Fe2O3 was first reduced to Fe3O4, and
it was then reduced to Fe [12]. However, a-Fe2O3 can be
directly reduced to Fe when using Al2O3 as the catalyst
promoter; (3) with the help of Al2O3, the paramagnetic
a-Fe2O3 can turn into ferromagnetic g-Fe2O3, which has
higher activity than a-Fe2O3 for the growth of CNTs on
the carbon fiber [13]; (4) when Al2O3 was used as the
catalyst promoter Al3þ subsitituted the Fe3þ of Fe2O3 and
formed FeAl2O4, which becomes a solid solution together
with Fe2O3. And the solid solution can inhibit the growth
of crystal. The formation of FeAl2O4 is useful for the
reconstruction of a-Fe, which makes the crystal faces of
(100), (111), and (110) have the same activity. The FeAl2O4
can also be a barrier for the interdiffusion between carbon
fibers and catalyst [14–16]. Therefore, when using Al2O3 as
the catalyst promoter, braids of CNTs can be obtained
with the graphite structure of carbon fiber to be protected
from destruction.

3.2. ILSS and thermal conductivity of Cf–CNTs/SiC

composite

The density, open porosity, ILSS, and thermal conduc-
tivity of 2D Cf/SiC composite and 2D Cf–CNT/SiC
composite are listed in Table 1. Compared to Cf/SiC
composite, the density of Cf–CNT/SiC composite was
increased by 3.7%, open porosity decreased by 7.0%,
ILSS increased by 100.9%, and thermal conductivity in
the orientation perpendicular and parallel to the carbon
fiber direction increased by 24.3% and 78% respectively.
Therefore, the addition of CNTs on one hand improved
the ILSS of SiC matrix composite efficiently, and on the
other hand, it brought more marked improvement of
thermal conductivity parallel to the carbon fiber direction
than perpendicular to the carbon fiber direction as the
CNT braid was grown in the orientation parallel to the
carbon fiber direction as shown in Fig. 2a.

3.3. Discussion of mechanism

The fracture section of the 2D Cf–CNT/SiC composite
and 2D Cf/SiC composite after double-notch shear (DNS)
was tested to explain the improvement of ILSS and
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thermal conductivity of the 2D Cf–CNT/SiC composite.
And what’s more, a detailed study of the surface morphol-
ogies and composition of carbon fibers in different CVD
stages was made in the research.

Figs. 4 and 5 show the fracture surface morphologies of
2D Cf/SiC and 2D Cf–CNT/SiC composite samples in
DNS test, respectively. As is shown in Fig. 4a, the carbon
fibers were easily fractured under external force, which
suggests that carbon fibers have been damaged when the
composite was fabricated. Additionally, a smooth fracture
section can be found in Fig. 4b, which reveals that the
bonding strength of carbon fiber to the ceramic matrix was
poor. Some pores can be found in Fig. 4c, which resulted
in the poor bonding strength of carbon fiber to the ceramic
matrix while the thermal conductivity of composites
decreased. In contrast, it is more difficult for the carbon
fibers using the Cf–CNTs as reinforcement to fracture as
shown in Fig. 5a than it is for those shown in Fig. 4a. The
fracture section in Fig. 5b and c is rougher than that in
Fig. 4, which suggests that a strong interface bonding
exists between the carbon fiber and ceramic matrix, and it
pore

Fig. 4. Fracture surface morphologies of 2D C

groove 

Carbon fiber fracture

Fig. 5. Fracture surface morphologies of 2D Cf/C
is attributed to the addition of CNTs, which can be proved
by Fig. 5d. Therefore, the increase in of ILSS of 2D
Cf–CNT/SiC composite by 100.9% than that of 2D Cf/SiC
should be attributed to the strong interface bonding
between the carbon fiber and ceramic matrix.
The morphologies of carbon fiber surface with different

processes are demonstrated in Fig. 6. Fig. 6a shows the SEM
image of the carbon fiber that has adsorbed the catalyst and
catalyst promoter precursor; Fig. 6b reveals the SEM image
of the carbon fiber that has been impregnated with the
catalyst and catalyst promoter precursor solution and has
undertaken thermal treatment at 750 1C under Ar gas atmo-
sphere for 30 min; Fig. 6c demonstrates the SEM image of
the carbon fiber that has been impregnated with the catalyst
and catalyst promoter precursor solution and has undertaken
thermal treatment at 750 1C under H2 gas atmosphere for
30 min; and Fig. 6d displays the SEM image of the carbon
fiber grafted with carbon nanotubes. From Fig. 6a–d,
conclusions can be made as follows: (1) a thick layer of
catalyst and catalyst promoter, which may have a low
thermal conductivity according to the XRD results as
por

f–SiC composite samples after shear test.

CNTs

NT–SiC composite samples after shear test.
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Fig. 6. Morphologies of carbon fibers after different CVD processes: (a) the SEM image of the carbon fiber that has adsorbed the catalyst precursor;

(b) the SEM image of the carbon fiber that has been impregnated with the catalyst precursor solution and has undertaken thermal treatment at 750 1C

under Ar gas atmosphere for 30 min; (c) the SEM image of the carbon fiber that has been impregnated with the catalyst precursor solution and has

undertaken thermal treatment at 750 1C under H2 gas atmosphere for 30 min; and (d) the SEM image of the carbon fiber grafted with carbon nanotubes.

Fig. 7. Phase analysis of the surface of carbon fibers after different CVD processes: (a) the carbon fiber that has adsorbed the catalyst precursor; (b) the

carbon fiber that has been impregnated with the catalyst precursor solution and has undertaken thermal treatment at 750 1C under Ar gas atmosphere for

30 min; (c) the carbon fiber that has been impregnated with the catalyst precursor solution and has undertaken thermal treatment at 750 1C under H2 gas

atmosphere for 30 min; and (d) the carbon fiber grafted with carbon nanotubes.
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mentioned above has adhered to the carbon fiber limiting the
improvement of thermal conductivity of 2D Cf–CNT/SiC
composite; (2) the bondings of carbon fibers, the layer of
catalyst and catalyst promoter are weak as the layer is shed
off gradually as the CVD process went on, which affected the
ILSS of 2D Cf–CNT/SiC composite.
Fig. 7 shows the surface phase of carbon fibers after
different CVD processes. Fig. 7a shows the SEM image of
the carbon fiber that has adsorbed the catalyst and catalyst
promoter precursor; Fig. 7b reveals the SEM image of the
carbon fiber that has been impregnated with the catalyst and
catalyst promoter precursor solution and has undertaken
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thermal treatment at 750 1C under Ar gas atmosphere for
30 min; Fig. 7c demonstrates the SEM image of the carbon
fiber that has been impregnated with the catalyst and catalyst
promoter precursor solution and has undertaken thermal
treatment at 750 1C under H2 gas atmosphere for 30 min;
and Fig. 7d displays the SEM image of the carbon fiber
grafted with carbon nanotubes. It can be found in Fig. 7a–d
that carbon fibers in each stage of CVD process have high
oxygen concentration, such that the carbon fiber and CNTs
may be easily damaged when the composite has been
fabricated, and this resulted in the liability to damage of
carbon fibers and CNTs. As a result, a thin layer of CNTs
can be found on the fracture surface and the carbon fiber was
easily fractured.

4. Conclusions

In order to obtain homogeneous dispersion of CNTs
and enhance the interaction of carbon fiber/matrix at the
interface, CNTs were grown on carbon fibers via the CVD
technique with Al2O3 as the catalyst promoter. CNT braid
has been grafted on carbon fibers to synthesize the
Cf–CNT hybrid reinforcement, and the promoting mechan-
ism has been discussed in detail . The 2D Cf–CNT/SiC and
2D Cf/SiC composites have also been fabricated by the hand-
lay-up-molding–PIP method. Compared to that of the Cf/SiC
composite, the ILSS of Cf–CNT/SiC composites increased by
100.9% and thermal conductivity in orientations perpendi-
cular and parallel to the carbon fiber direction increased by
24.3% and 78% respectively. Finally, it is found that the
improvement of ILSS and thermal conductivity is attributed
to the uniform dispersion of CNTs and toughening mechan-
isms, such as CNT bridging, crack deflection and strong
interaction between carbon fibers and silicon carbide matrix
at interfaces.
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