
A

B
c
t
p
s
s
3
©

K

1

(
b
c
t
a
f
c
o
t
b
m
a
E

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 30 (2010) 787–792

Fabrication of carbon fiber reinforced ceramic matrix composites with
improved oxidation resistance using boron as active filler

Zhen Wang a, Shaoming Dong a,c,∗, Ping He a, Le Gao a, Haijun Zhou a,b,
Jinshan Yang a,b, Dongliang Jiang a

a Structural Ceramics and Composites Engineering Research Center, Shanghai Institute of Ceramics,
Chinese Academy of Sciences, 1295 Dingxi Rd, Shanghai 200050, PR China

b Graduate University of Chinese Academy of Sciences, Beijing 100049, PR China
c State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics,

Chinese Academy of Sciences, 1295 Dingxi Rd, Shanghai 200050, PR China

Received 14 May 2009; received in revised form 8 September 2009; accepted 10 September 2009
Available online 4 October 2009

bstract

oron was introduced into Cf/SiC composites as active filler to shorten the processing time of PIP process and improve the oxidation resistance of
omposites. When heat-treated at 1800 ◦C in N2 for 1 h, the density of composites with boron (Cf/SiC-BN) increased from 1.71 to 1.78 g/cm3, while
hat of composites without boron (Cf/SiC) decreased from 1.92 to 1.77 g/cm3. So when boron was used, two cycles of polymer impregnation and

yrolysis (PIP) could be reduced. Meanwhile, the oxidation resistance of composites was greatly improved with the incorporation of boron-bearing
pecies. Most carbon fiber reinforcements in Cf/SiC composite were burnt off when they were oxidized at 800 ◦C for 10 h. By contrast, only a
mall amount of carbon fibers in Cf/SiC-BN composite were burnt off. Weight losses for Cf/SiC composite and Cf/SiC-BN composite were about
6 and 16 wt%, respectively.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

The most commonly used ceramic matrix composites
CMCs) are those comprising carbon or SiC fibers in a car-
on or SiC matrix (C/C, C/SiC, SiC/SiC composites). C/SiC
omposites are potential candidates for a variety of applica-
ions in aerospace fields, including rocket nozzles, heat shields
nd aeronautic jet engines.1,2 However, the principal obstacle
or wider applications, especially for long-term applications, of
arbon-containing materials is known to be their relatively poor
xidation resistance.3 Oxidation of carbon starts at tempera-
ures as low as 450 ◦C, and its lifetime is dramatically limited
eyond this temperature. The lifetime of CMCs which are partly

ade of carbon is strongly depended on the efficiency of the

nti-oxidation systems used to reduce the oxygen permeability.4

xtensive studies have been undertaken to improve the oxidation
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esistance of carbon fiber reinforced CMCs and most are related
o the application of boron-bearing species.5–8 One important
roperty of boron-bearing species is to form fluid oxide phases
B2O3 or B–M–O ternary phase) over a broad temperature
ange (600–1200 ◦C for B2O3) when heated in an oxidizing
tmosphere.9 Compared to multilayered self-sealing matrix fab-
icated by CVI method,7 boron-based particles introduced by
lurry infiltration method have shortened the processing time
nd lowered the processing cost. A simple way to introduce
oron-based particles is to impregnate a fiber perform with slurry
onsisting of boron-based particles.10

In the present work, carbon fiber reinforced ceramic matrix
omposites were fabricated by active-filler-controlled polymer
yrolysis (AFCOP) process.11 Boron was introduced into the
arbon fiber bundles as active filler to form some boron-bearing
pecies by in situ reactions during the heat-treatment process.

he influences of boron on microstructures as well as the oxi-
ation resistance of the composites were studied in comparison
ith those of Cf/SiC composites fabricated by PIP using SiC
articles as inert filler.

mailto:smdong@mail.sic.ac.cn
dx.doi.org/10.1016/j.jeurceramsoc.2009.09.015
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Table 1
Properties of the carbon fiber reinforced ceramic matrix composites.

Sample Raw material ratio (wt%) Fiber fraction (%) Density (g cm−3) Open porosity (%) Bending stress (MPa) Elastic modulus (GPa)
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into the PCS structure during its synthesis, Si–O–C phase will
be formed. At temperatures higher than 1400 ◦C, decomposi-
tion of amorphous Si–O–C phase begins with the evolution of
CO and SiO.15 When S* is concerned, boron will react with

Table 2
Changes in density and open porosity for both composite S and S* occurring in
the nitridation process.

Sample Density (g cm−3) Open porosity (%)

Before After Before After

S 1.92 1.77 8.7 24.7
S* 1.71 1.78 12.2 20
55(SiC) + 45(PCS) 45% 2.11
* 45(B) + 55(PCS) 44% 1.98

. Experimental procedure

Nano-SiC (Kai’er Nanometer Technology Development Co.,
td., Hefei, China) or boron (Tangshan WeiHao Magnesium
owder Co., Ltd., Tangshan, China) powders were mixed with
CS (National University of Defense Technology, Changsha,
hina) by ball-milling for 48 h, using xylene as solvent to form
omogenous slurries. Table 1 listed the ratios of raw materials
n the slurries. 2D woven carbon fiber plain fabrics (Mitsubishi
ayon, 200 g/m2) were first deposited with PyC interphase at
050 ◦C using methane as precursor and the average thickness of
he PyC interphase is about 100 nm. The source gases were first
ntroduced into the reaction chamber with a pressure of 10 kPa,
hen the exhausts were evacuated to below 300 Pa using vacuum
umps within 5 s after holding for 20 s at 1050 ◦C. The coated
abrics were impregnated with the aforementioned slurries and
tacked in a graphite die after drying. Pressures were applied to
ontrol their thicknesses according to a fiber volume of about
5% in the hot-pressing furnace at 200 ◦C. Composite derived
rom the boron-containing slurry was denoted as S* and the
ther was denoted as S. After further densified by several cycles
f PIP (5 cycles for S and 3 cycles for S*) using PCS as the
olymer with the pyrolysis temperature of 800 ◦C, the samples
ere heat-treated (nitrided) at 1800 ◦C in N2 atmosphere for 1 h.
hen PIP was performed again to fill the open pores with the
yrolysis temperature of 1100 ◦C.

After being cut and ground into 5 mm × 2 mm × 20 mm, the
pecimens were deposited with a SiC coating of about 10 �m
y CVD to isolate the cross-sections from the air for oxidation.
iC coating was deposited at 1100 ◦C and 5 kPa using MTS and
2 as source gases with the molar ration of H2 to MTS was
0. Oxidation tests were performed in a muffle furnace. The
pecimens were pushed into the furnace when the temperature
eached 800 ◦C and then taken out quickly to weight the mass
fter each 2.5 h oxidation. The weight losses of composites in air
rom room temperature to 1000 ◦C were also measured by TG.

The densities and open porosities of samples were measured
y the Archimedes method. Mechanical properties were mea-
ured by three-point-bending tests with 5 mm × 2 mm × 40 mm
pecimens in an Instron-5566 machine, operated at a crosshead
peed of 0.5 mm/min and a span of 24 mm. The microstructures
f composites both before and after oxidation were observed
y electron probe microanalyzer (EPMA, JXA-8100, JEOL,
okyo, Japan) equipped with wave-length dispersive spec-

roscopy (WDS).
. Results and discussion

The properties of both composites are summarized in Table 1.
t can be obtained that the density of composite S is higher
7.2 88.5 ± 30.4 60.9 ± 4.5
8.4 86.5 ± 9.6 52.5 ± 4.5

han that of S*. This may be a result of lower density of h-BN
2.27 g/cm3) than that of SiC (3.20 g/cm3). It is also indicated
hat composite S* has a lower elastic modulus though there is
nly very small difference in the bending stresses, which may
e accounted by the introduced h-BN into composites and h-
N is often introduced into composites to decrease their elastic
odulus.12–14

The densities of samples after each PIP cycle are calculated
ccording to their weights and volume in that there is almost no
hange in the volumes of samples in both PIP process and nitri-
ation process. The density variation versus PIP cycles is plotted
n Fig. 1. It is interesting to find from these two curves that the
ntroduction of active fillers has a strong influence on the den-
ification process of the composites. In the nitridation process,
he density of S decreases from 1.92 to 1.77 g/cm3 while that of
* increases from 1.71 to 1.78 g/cm3. The density decrease of S
ay be caused by the weight loss of carbon fibers and decompo-

ition of Si–O–C existing in the matrix. The fiber reinforcements
sed in this work will lose some active components when the
bers were heat-treated at high temperature and the weight loss

s about 3.5%. In addition, as a result of the oxygen introduced
Fig. 1. Influences of boron on the density variations of composites.
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Fig. 2. Back-scattered electron images on the polished cross-sections of the composites (a, c: S; b, d: S*).

Fig. 3. WDS analysis of composite S*.
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Fig. 4. Bending stress–displacement curves for composites.

he decomposition product and/or protective gas and the weight
ain occurring in reaction will offset the weight loss induced
y the decomposition of carbon fibers and Si–O–C. There is a
ass gain of about 130% in the nitridation of boron accord-

ng to the reaction between boron and nitrogen. On the other
and, as reported by Greil11 the volume expansions in boron
arbonization and nitridation process are 20 and 142%, respec-
ively, which can compensate the volume shrinkage during PCS
yrolysis and crystallization process and account for the reduced
IP cycles. As it can be found from Table 2 that the open poros-
ty of composite S increased by 16% while that for composite
* just increased by 7.8%. The increase of open porosity may
esult from the decomposition of Si–O–C and conversion of
lose pores into open pores and the less increase of open poros-

i
c
o
c

Fig. 5. SEM micrographs on the fracture sur
eramic Society 30 (2010) 787–792

ty for Cf/SiC-BN composites may be an evidence of the filling
f pores by the formed h-BN.

As can be observed from the micrographs of polished cross-
ections shown in Fig. 2, most areas are dense but some residual
ores and cracks remain in the intra-bundle areas in both
omposites. This can be attributed to the volume shrinkage
ccompanied in both ceramic conversion process and crystal-
ization process, which will induce a large number of pores. It is
lso shown in the back-scattered electron images that the matrix
f composite S* has two phases with different contrast, which
eans there are some light elements in the dark one. According

o the WDS analysis map of composite S* (Fig. 3), the bright
hase is mainly SiC while the dark is a mixture of SiC and h-BN.
eanwhile, it can be found from the dispersion maps of boron

nd nitrogen that the distribution of h-BN is homogenous in
he matrix except in the bright phases, which correspond to SiC
esulted from the followed PIP densification process. According
o the chemical analysis results, the volume fraction of h-BN is
bout 22%.

It is indicated by the bending stress–displacement curves
hown in Fig. 4 that both composites show a non-brittle fracture
ehavior. However, the bending stresses for both composites
re relatively low. This may be ascribed to the degradation of
ber reinforcements. The escape of active groups leaves some
mall pores in the fibers and destroys the fibers’ structure. Con-
equently, the strength of fiber reinforcements will drop dramat-

cally, which is disadvantageous to the strength and toughness of
omposites. Only few and short pulled-out fibers can be observed
n the fracture surface of both Cf/SiC composite and Cf/SiC-BN
omposite, as shown in Fig. 5. However, some layered crystal

faces of composites (a, c: S; b, d: S*).



Z. Wang et al. / Journal of the European Ceramic Society 30 (2010) 787–792 791

F
t

s
S
n
h
w
t
a
c
s
t
o
m
t

F
8

C
w
i
c
a
i
w
A
of N2 and slow down the reaction rate. Therefore, when the
ig. 6. TG curves of 2D Cf/SiC(-BN) composites in air from room temperature
o 1000 ◦C.

tructure of flaked h-BN can be found in the matrix of composite
*, as marked with the arrow. This phenomenon may be origi-
ated from the effect of h-BN on the crack propagation. h-BN
as a layered structure similar to graphite, with a strong bonding
ithin each layer and a weak bonding between the layers. When

he crack tip contacts the h-BN particle, cracks will propagate
long the interlayer within the h-BN grains.16,17 Meanwhile, it
an also be observed from the distribution of element silicon
hown in Fig. 3 that there is a low concentration of silicon in
he outer region of carbon fibers, which indicates the diffusion

f silicon into carbon fibers. The diffusion of silicon into fibers
ay lead to destroy of their structures, which also accounts for

he short length of pulled-out fibers.

b
b
m

Fig. 8. Morphologies on the fracture surface of the composites
ig. 7. Influences of boron on the weight changes of composites oxidized at
00 ◦C.

Fig. 6 shows the TG curves of both Cf/SiC composite and
f/SiC-BN composite in air from room temperatures to 1000 ◦C
ith the heating rate of 5 ◦C/min. It can be found by compar-

ng the TG curve of Cf/SiC-BN composites with that of Cf/SiC
omposite, weight loss takes place at temperature below 300 ◦C
nd the weight loss is about 2.5% while that for Cf/SiC compos-
te is about 0.3%. In the nitridation process, N2 will first react
ith boron resulting in the formation of h-BN on the surface.
s a consequence, the formed h-BN will block the diffusion
oron particle is large, some boron will be left in the core of
oron particles after nitridation. In the machining process, boron
ay react with water to form some boric acid (H3BO3) when it

after being oxidized at 800 ◦C for 10 h (a, c: S; b, d: S*).
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characterization of machinable Si3N4/h-BN functionally graded materials.
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ontacts with water. When it is heated, H3BO3 will decompose
nto B2O3, therefore, the weight loss of Cf/SiC-BN composites
elow 300 ◦C may be mainly induced by the decomposition of
3BO3. At temperature above 600 ◦C, carbon fibers and PyC

nterphases in Cf/SiC composite start to be oxidized, and the
eight loss from 600 to 1000 ◦C was about 14.9%. However,

he weight loss of Cf/SiC-BN composite takes place at about
00 ◦C and the weight loss from 700 to 1000 ◦C is about 7.9%.
hen Cf/SiC-BN composites were heated at high temperature

n air, both carbon phase and h-BN in the matrix will react with
xygen, which will cause weight loss and weight gain, respec-
ively. Furthermore, the formed B2O3 due to the oxidation of
-BN will slow down the diffusion rate of oxygen and lead to
lower oxidation rate and the weight gain accompanied in the
-BN oxidation process will compensate the weight loss caused
y oxidation of carbon fibers.

Fig. 7 shows oxidation behavior of both composite S and
* with a SiC layer of about 10 �m at 800 ◦C. It can be con-
luded from these two curves that the longer the oxidation time
s, the more weight both composites will lose. However, with the
ncorporation of boron-bearing species, the oxidation resistance
f composite is greatly increased. When Cf/SiC-BN composite
s oxidized at 800 ◦C, h-BN will be oxidized and result in the
ormation of B2O3. As a result of its low melting temperature
450 ◦C) and the volume expansion in the conversion from h-
N into B2O3, B2O3 fluid will fill into the micro-cracks and
ores in the composites and decrease the in-depth diffusion of
xidative gases to the carbon phases (PyC interphase and car-
on fibers).3,4,8 When oxidized at 800 ◦C for 10 h, most of the
arbon fibers in composite S have been burnt off (Fig. 8a and c).
evertheless, only a small amount of holes can be found in the

racture surface micrograph of oxidized S*, most of the fibers
emain intact or just partially oxidized (Fig. 8b and d). This is
onsistent with the less weight loss of Cf/SiC-BN composite
about 16 wt%) compared to that of Cf/SiC composite (about
6 wt%), as shown in Fig. 7.

. Conclusions

. When boron is applied as the active filler, volume shrinkage
occurring in the heat-treatment process can be compensated
by the volume expansion accompanied in the conversion of
boron into h-BN. Therefore, the processing time is shortened
by reducing two PIP cycles.

. The h-BN phase formed in the nitridation process through
the in situ reaction between boron and nitrogen disperses
homogeneously in the matrix.

. Some layered crystal structures can be found on the fracture
surfaces due to the crack deflection in the h-BN crystal.
. The oxidation resistance is greatly improved by incorporat-
ing boron-bearing species. The weight loss decreases from
about 36–16 wt% with the incorporation of boron after being
oxidized at 800 ◦C for 10 h.
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