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Abstract

In this paper carbon fiber reinforced carbon—boron nitride binary matrix composites (C/C—BN) were prepared by chemical vapor
infiltration (CVI). The infiltration of BN in the CVI process was controlled by the diffusion of BCl;, and BN matrix was distributed
homogeneously in the porous carbon fiber reinforced carbon matrix composites (C/C) due to the good infiltration ability of BN. The as-
received C/C-BN composites were composed of 92 vol% C and 8 vol% BN. Both the friction coefficient and wear rate of C/C
composites decreased significantly by the incorporation of BN. After heat-treated at 1600 °C, the interlayer spacing of CVI BN
decreased to 3.36 A, and CVI BN with high crystalline degree displayed the excellent lubricating effect, leading to the decrease of friction
coefficient and wear rate. The improvement of the tribological properties also was partially attributed to the improved oxidation
resistance and the formation of friction film by the incorporation of BN matrix.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Carbon fiber reinforced carbon matrix composites (C/C)
are one of the most promising candidate materials for
high-temperature applications because of their intrinsic
high thermal stability and low density [1-6]. Based on the
research of C/C composites, many works are carried out to
modify the properties of C/C composites to further extend
their application field [7-11]. The incorporation of SiC in
the C/C composites is an effective way to improve their
tribological behaviors, and carbon fiber reinforced C-SiC
binary matrix composites (C/C-SiC) fabricated by liquid
silicon infiltration (LSI) have been widely researched and
successfully applied as braking materials at high-speed
braking field [12-18]. However, C/C composites with low
friction coefficient and low wear rate are required for the
potential application in the field of sealing materials and
sliding element at high temperatures [1,19]. In order to
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decrease the friction coefficient and wear rate effectively,
the lubricating additive is introduced into the C/C compo-
sites in the present work.

Hexagonal boron nitride (h-BN) has the similar lami-
nate structure like graphite, and also has many similar
properties and uses [20]. It has a low hardness (Mohs
hardness 1~2), high thermostability, and better oxidation
resistance than graphite [21]. Owing to the weak Van Der
Walls force between each layer, h-BN is easily sheared
along the basal plane of hexagonal crystalline structure,
leading to the excellent lubricating performance of BN
[22]. The friction coefficient for SizN,4 containing 30 vol%
BN against stainless steel reached 0.03 [23], and the friction
coefficient of sliding bearings lubricated by the mixture of
BN and oil reached as low as 0.015 [24], which all
displayed the outstanding lubricating performance of BN.

BN has been introduced into C/C composites by poly-
mer infiltration and pyrolysis (PIP), and carbon fiber
reinforced C-BN binary matrix composites (C/C-BN)
fabricated by PIP displayed better wear resistance than
C/C composites [25,26]. Besides PIP, chemical vapor
infiltration (CVI) is another promising process to fabricate
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ceramic matrix composites. The CVI method has various
advantages [27,28]: (1) the process can be conducted at low
pressure and low temperature, no external pressure is
required, so fiber reinforced ceramic matrix composites
with high performance can be fabricated owing to the
small residual stress and less damage on the fiber; (2) the
phase composition of the matrix can be easily designed by
adjusting the kind, concentration, and deposition sequence
of the reaction gases; (3) the components with complex
shape and high volume content of fibers can be fabricated
by a near-net shape process.

However, no literature about C/C—BN composites fab-
ricated by CVI can be found up to now. Therefore, BN
was introduced into the C/C composites by CVI to obtain
BN modified C/C composites with low friction coefficient
and low wear rate in the present work.

In our previous work [29], the microstructure and
deposition kinetic of CVI BN were studied, as well as
the crystallization degrees of BN annealed at different
temperature. In this paper, C/C-BN composites were
prepared by CVI, and then the microstructures and
tribological behaviors of C/C—BN composites were inves-
tigated in comparison with those of C/C and C/C-SiC
composites.

2. Experimental
2.1. Fabrication procedure of samples

In this paper, the 3D needled integrated felts with a
density of 0.55 g/em® and a fiber volume fraction of 32%
were used as the preform. All the carbon types were PAN-
based carbon fiber (T300, 12K, Toray, Japan). The
needled integrated felts were fabricated by repeatedly
overlapping the layer of 0° non-woven fiber cloth, short-
cut fiber cloth and 90° non-woven fiber cloth with needled-
punching step by step. The 3D needled carbon fiber
preforms were infiltrated by low pressure chemical vapor
infiltration (CVI) in a mixture of C3Hg and Ar atmosphere
to form C/C composites.

For C/C-BN composites, BN matrix was introduced into
the porous C/C composites by CVI for 40 h in a vertical
hot-wall reaction furnace with a total pressure of 1000 Pa at
1000 °C. The fluxes of inlet gas were selected as follows:
BCl;=20 ml/min, NH3=60 ml/min, Ar=50 ml/min and
H,=100 ml/min. The as-received C/C—BN composites were
heat-treated at 1600 °C in nitrogen atmosphere for 2 h.
After heat-treated at 1600 °C, the interlayer spacing of CVI
BN decreased to 3.36 A [29], which was lower than that of
CVI BN heat-treated at lower temperature. The smaller
interlayer spacing of BN means the stronger atomic bond-
ing, leading to the higher moisture resistance. When the CVI
BN heat-treated at 1600 °C was exposed to 50 vol% H,O/
50 vol% Ar atmosphere at 700 °C for 10 h, the sample had
no weight variation owing to the good moisture resistance
of CVI BN heat-treated at 1600 °C.

Carbon fiber
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l CVIPyC
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Fig. 1. The schematic of the fabrication procedures of composites.

For C/C-SiC composites, the porous C/C composites
were infiltrated with liquid silicon directly in a vacuum
furnace at 1500 °C for 0.5h, and a dense material was
obtained. The manufacturing process of composites is
presented in Fig. 1. The infiltration of silicon in the carbon
material during LSI process has been discussed in the
previous literatures [30,31], and the liquid silicon infiltrated
the porous composites spontaneously by the capillary force
[32], so no detailed discussion on the infiltration ability of
liquid silicon in the porous C/C composites appears in
this paper.

2.2. Friction and wear test

Friction and wear properties of all the samples were
performed on a disk-on-disk MM-1000 testing machine.
The tests were carried out with a rotating disk of ®76 mm
x @52 mm x 12 mm (76 mm in outer diameter, 52 mm in
inner diameter and 12 mm in thickness) and a stationary
disk of @90 mm x @55 mm x 12 mm. Braking test was
performed under a moment of inertia of 0.235 kg m* with
a braking speed of 28 m/s and a braking pressure of
0.8 MPa. Each braking test was repeated for 20 times
under the same braking condition. The weight wear rate
was calculated by measuring the weight of disks before and
after braking tests divided by total number of braking
tests. The friction coefficient is calculated using Eq. (1).

M = u(ri+r2)P/2 (1)

where M is the moment, u is the friction coefficient, P is
the braking pressure, r; is the inner radius and r; is the
outer radius.

2.3. Characterizations

Phase analysis was conducted by X-Ray Diffraction
(XRD), via a computer-controlled diffractometer (X'Pert
Pro, Philips, Netherlands) with CuKa radiation at 40 kV
and 100 mA. Data was digitally recorded in a continuous
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scanning mode in the angle (20) ranging from 10° to 80
with a scanning rate of 0.12°/s. The pore size distribution
was measured using a Mercury Porosimeter (Poremaster
33, Quantachrome Instruments Corporation, Boynton
Beach, FL, USA). The optical microstructure of C/C
composites was observed by a polarized light microscope
(PLM, Leica DLMP, Germany). The microstructure of the
composites and wear debris were observed by a scanning
electron microscope (SEM, S-2700, Hitachi, Japan) at
15kV and 10 mA. The morphology of the worn surface
of disks was observed by an optical microscopy (OM,
Leica DLMP, Germany).

3. Results and discussion

3.1. Microstructure and pore size distribution of C/C
composites

The density and open porosity of the 3D needled C/C
composites were 1.50 g/em® and 25%, respectively. Fig. 2
presents the typical microstructure of C/C composites. As
shown in Fig. 2, a carbon matrix layer was formed around
the carbon fiber, and the intra-bundle pores in the non-web
cloth were well infiltrated, while the inter-bundle pores
with large size remained in the short-web fiber cloth. By
the polarized light, C/C composites showed rough laminar
structure (RL) (Fig. 2c), which displayed high optical
anisotropy. As known from Fig. 3, the pore size of C/C
composites varied from 10 um to 100 um due to the
existence of the inter-bundle pore.

3.2. Infiltration ability analysis of CVI BN in C/C
composites

In the CVI process, the infiltration ability of BN is
important to the fabrication of C/C—BN composites. CVI
is a reaction-diffusion competition process. The typical
CVI procedure is as follows: (1) gaseous reactants enter the
reaction chamber; (2) the gaseous reactants diffuse into the
inner of the preform through open pores and react with
each other; (3) the solid reaction products deposit on the
wall of the pores, and the gaseous byproducts diffuse out
from the open pores; and (4) the unreacted gaseous
reactants and byproducts exit from the reaction chamber.
The gaseous diffusion in the porous preform is divided into
three modes: Fick diffusion, Knudsen diffusion and transi-
tion diffusion. The diffusion mode is determined by the
Knudsen number, K,, [33,34]:

k= Jo/d (2

where Ao is the mean free path, and d is the mean pore
diameter. When K, <0.01, Fick diffusion is the main
diffusion mechanism; when K, > 10, Knudsen diffusion is
the main diffusion mechanism; when 0.01 < K,, < 10, the
transition diffusion is the main diffusion mechanism. In the
present experiment condition, the infiltration of BN during
the CVI process was controlled by the diffusion of BCl; [29],

Fig. 2. Microstructure of C/C composites: (a), (b) SEM micrographs;
(c) PLM micrograph.
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Fig. 3. Pore size distribution of C/C composites.
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and the mean free path for BCl; was about 32 um [35].
According to the above results, the pore size of C/C
composites varied from 10 pum to 100 um. Therefore, it
can be concluded the gaseous diffusion mechanism in the
C/C porous preform was the transition diffusion because
the value of K, ranged from 0.32 to 3.2 according to Eq. (2).

The smaller K, means larger diffusion coefficient of
gaseous reactants, which is beneficial to the infiltration of
BN even when the competition between reaction and
diffusion is considered. A measurement of competition
between reaction and diffusion is the Thiele modulus (&)
[36]:

i 3)

d=2L
Deff

where L is the length of pores, k is the heterogeneous
reaction constant, D, is the effective diffusion coefficient,
and d, is the mean pore diameter. The higher ¢ means the
relatively quick reaction speed and the slow transfer speed
of the gaseous reactants, and the reaction product was
deposited near the pore entrance, leading to the formation
of infiltration gradient; The smaller ¢ means the quick
transfer speed and the relatively slow reaction speed of
gaseous reactants, and the gaseous reactants quickly
diffused in the porous preform and then reacted with each
other, leading to the formation of solid product homo-
genously distributed in the preform.

In the present experiment conditions, L and d, were
determined by the initial preform structure, k& was deter-
mined by the infiltration temperature, and D.; was
determined by the diffusion mechanism. The transition
diffusion was the main diffusion mechanism, which meant
that the Knudsen diffusion and Fick diffusion existed
simultaneously. The existence of Fick diffusion or near-
Fick type diffusion determines the quick transfer speed of
gaseous reactants during the CVI process, leading to the
high D.g According to Eq. (3), the high D, leads to
the low @, which presents the quick transfer speed and the
relatively slow reaction speed of gaseous reactants. There-
fore, it can be concluded that BN shows the good
infiltration ability during the CVI process.

3.3. Phase composition and microstructure of C/C-BN
composites

The XRD pattern of C/C-BN composites is presented in
Fig. 4, which is compared with those of C/C and C/C-SiC
composites. The diffraction peaks of carbon had no
deviation for different composites, implying that the
processing temperatures of C/C-BN composites and C/
C-SiC composites had little influence on the dyg, spacing
of carbon. After heat-treated at 1600 °C, turbostratic BN
matrix was transformed into hexagonal one. Therefore,
there exists a diffraction peak at 20 of about 53 ° for C/C-
BN composites due to the introduction of BN. Through
analyzing on the weight variation of C/C composites

vC
v 2
A BN
e @ SiC

&si

C/C-SiC

Intensity
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Fig. 4. XRD patterns of different composites.

during the CVI BN process, it can be known that C/C—
BN composites were composed of 92 vol% C and 8 vol%
BN. For C/C-SiC composites, liquid silicon was intro-
duced into the C/C composites, and reacted with carbon
matrix to form SiC matrix. In the final composites, part of
silicon remained, and C/C-SiC composites were composed
of carbon, SiC and silicon. The contents of carbon, silicon,
and SiC in C/C-SiC composites were determined by
gravimetric analysis. Silicon was removed by dissolving
the composites in a mixture of hydrofluoric and nitric acid
(HNO3;:HF=4:1) for 48 h, and carbon phase was removed
by burning it off at 700 °C for 20 h in air, so the residual
SiC was determined. The above analysis revealed that
C/C=SiC composites were composed of 70 vol% C, 22 vol%
SiC and 8 vol% Si.

The density and open porosity of C/C—BN composites
were 1.65 g/lem® and 15%, respectively. Compared to C/C
composites, the increase in density and the decrease in
open porosity of C/C-BN composites were attributed to
the introduction of BN matrix. As shown in Fig. 5(a) and
(b), BN matrix layer was formed around the carbon
matrix, and BN was distributed in the inter-bundle pore
and intra-bundle pore homogeneously, implying the good
infiltration ability of BN in the CVI process, which was
consistent with the above previous results. For C/C-SiC
composites, the pores in the C/C preform were infiltrated
by the liquid silicon, leading to relatively denser surface
than C/C and C/C-BN composites. The density and open
porosity of C/C-SiC composites were 1.90 g/cm® and 11%,
respectively. As shown in Fig. 5(c) and (d), SiC and Si in
C/C-SiC composites was mainly distributed in the short
fiber web layers and the inter-bundle matrix.

3.4. Friction and wear properties

The friction and wear properties of different composites
were tested at a braking speed of 28 m/s under 0.8 MPa.
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Fig. 5. SEM micrographs of different composites: (a) and (b) C/C-BN composites, (c) and (d) C/C-SiC composites.
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Fig. 6. Friction coefficient curves of different composites at a braking
speed of 28 m/s under 0.8 MPa.

Fig. 6 presents the friction coefficient curves of different
composites, which all revealed a typical “saddle” shape. In
comparison to C/C composites and C/C-SiC composites,
C/C-BN composites showed relatively lower peak value at
the beginning and end of braking, and presented a long
and smooth middle stage. The friction coefficient of C/C—
BN composites reached as low as 0.10, indicating the
excellent lubricating performance of BN matrix.

Fig. 7 presents the variation of average friction coeffi-
cient with the braking numbers for different composites.
The average friction coefficient of C/C composites, C/C—
BN composites and C/C-SiC composites varied from 0.35
to 0.39, 0.11 to 0.13, and 0.27 to 0.33, respectively. The
average friction coefficient of C/C—BN composites changed
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0 5 10 15 20

Number of braking cycles

Fig. 7. Relationship of average friction coefficient and braking numbers
for different composites.

in a narrow range versus the braking number, which
suggests a better braking stability of friction behaviors
than C/C composites and C/C-SiC composites.

Table 1 lists the average friction coefficient and weight
wear rate of different composites in the same test condi-
tion. The average friction coefficient of C/C composites,
C/C-BN composites and C/C-SiC composites were 0.38,
0.12 and 0.29, respectively. C/C—BN composites showed
the lowest average friction coefficient, which was less than
one-third of C/C composites. Not only the average friction
coefficient of C/C composites in this paper, but also the
average friction coefficients of C/C composites in the
literatures [3,37,38] were rarely less than 0.30 in the similar
test condition. The weight wear rates of C/C composites,
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Table 1
Comparison on the properties of C/C composites, C/C—-BN composites
and C/C-SiC composites.

Composites Process Density Porosity Average Weight wear

(g/em® (vol%) friction rate (mg/
coefficient cycle)
Cc/C CVI 1.50 25 0.38 20.7
C/C-BN  CVI 1.65 15 0.12 12.8
C/C-SiC  CVI+LSI 1.90 11 0.29 16.4

C/C-BN composites and C/C-SiC composites were 20.7,
12.8 and 16.4 mg/cycle, respectively. C/C—BN composites
showed the best wear resistance. In summary, the incor-
poration of BN was an effectively way to decrease the
friction coefficient and wear rate of C/C composites.

Fig. 8 presents the friction surface morphologies of
different composites. It can be found that C/C composites
showed a coarser surface, while C/C—BN composites and
C/C-SiC composites showed a relatively smooth friction
surface after the braking test. A homogeneous friction film
was formed between disks for C/C—BN composites and
C/C-SiC composites. The formation of friction film was
the accumulation of lots of debris on the friction surface,
which was beneficial to the alleviation of the ploughing
effect between two disks, leading to the improvement of
the tribological properties. During the braking process, the
formation of friction film was a dynamic state of balance
[3]. Indeed, friction film was treated as a compacted layer
between two disks [39]. The wear debris was generated
constantly with the proceeding of braking, and escaped
from the rubbing surface by the acentric force simulta-
neously. For C/C composites, wear debris filled the open
pores in the matrix predominately, leading to the less
accumulation on the rubbing surface. For C/C—BN com-
posites, BN located in the wear debris between two disks
during the braking process. The deformation and lubricat-
ing effect of BN alleviated the ploughing effect between
two disks, which was beneficial to the formation of friction
film [15]. For C/C-SiC composites, the relatively dense
surface was beneficial to the large accumulation of wear
debris on the rubbing surface. As shown in Fig. 9, the wear
debris of C/C-BN composites and C/C-SiC composites
displayed smaller size than those of C/C composites. With
the formation of friction film, the ploughing effect between
two disks was alleviated, and the wear debris was grinded
repeatedly and then dropped from the rubbing surface,
leading to the formation of the smaller debris size.
Especially for the C/C-BN composites, the lower friction
coefficient meant the longer braking time, implying that
the wear debris was grinded between friction surfaces for
longer time, leading to the appearance of the large amount
of powdery debris.

Known from the above results, both C/C composites
and C/C-BN composites had the same fiber preform and
pyrolytic carbon matrix, and the difference of which was
the existence of BN matrix for C/C-BN composites. With

Fig. 8. Optical micrographs of friction surface for different composites
after the braking test: (a) C/C composites, (b) C/C-BN composites and
(c) C/C-SiC composites.

the incorporation of BN, the friction coefficient and wear
rate of C/C composites decreased obviously. BN has
similar laminate structure to graphite and MoS,, and the
weak bonding force between each layer makes it easily to
cleavage and deform along the sliding direction, leading to
the excellent lubricating performance of BN. In the
braking process, the incorporation of BN in C/C compo-
sites was treated as lubricating additive existing between
two disks. The mechanical action and friction force
between two disks were alleviated due to the existence of
solid Iubricant BN, thereby decreasing the friction coeffi-
cient and wear rate. At the same time, the incorporation of
BN matrix improved the oxidation resistance of C/C
composites, which was beneficial to improving the wear
resistance [3,25]. In the braking process, the temperature of
friction surface was enough high to the onset of carbon
matrix and carbon fiber. The oxidation of carbon matrix
and carbon fiber closed to the friction surface would
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Fig. 9. SEM micrographs of the wear debris for different composites:
(a) C/C composites, (b) C/C-BN composites and (c) C/C-SiC composites.

decrease the strength and weaken the load capacity, which
aggravated the wear and increased the wear rate. In the
braking process, the C/C-BN composites could maintain
the better strength than the C/C composites owing to the
better oxidation resistance of BN matrix, thereby decreas-
ing the wear rate. Based on the above results, C/C-BN
composites showed lower friction coefficient and lower
wear rate than C/C composites.

4. Conclusions

(1) During the CVI BN process, the gaseous diffusion
mechanism in the C/C porous preform was the transi-
tion diffusion due to the value of K,, varying from 0.32
to 3.2, leading to the quick transfer speed and the
relatively slow reaction speed of gaseous reactants.
Therefore, BN showed good infiltration ability in the
CVI process.

(2) BN was introduced into C/C composites by CVI to
fabricate C/C-BN composites. By calculating the
weight variation during the CVI BN process, C/C—
BN composites were composed of 92 vol% C and 8
vol% BN. The inter-bundle pore and intra-bundle pore
of the porous composites was well infiltrated by the BN
matrix due to the good infiltration ability of BN.

(3) Compared to C/C composites and C/C-SiC compo-
sites, C/C—BN composites showed lower friction coef-
ficient and lower wear rate. At a braking speed of
28 m/s under 0.8 MPa, C/C-BN composites had an
average friction coefficient of 0.12 and a weight wear
rate of 12.8 mg/cycle. Both friction coefficient and wear
rate of C/C composites decreased significantly with the
incorporation of CVI BN matrix.
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