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bstract

he BN interphase of SiC fiber-reinforced SiC matrix (SiCf/SiC) composites was fabricated by dip-coating process with boric acid and urea
s precursor. The results show that the tensile strength of SiC fiber decreases about 30% after BN coating treatment, but the BN coating has
ittle influence on the electrical resistivity of SiC fiber. Compared with the as-received SiCf/SiC composites, the SiCf/SiC composites with BN
nterphase exhibit a toughened fracture behavior, and the flexural strength is about 2 times that of the as-received SiCf/SiC composites. From the

icrostructural analysis, it can be confirmed that the BN interphase plays a key part in weakening interfacial bonding, which can improve the

echanical properties of SiCf/SiC composites remarkably. Owing to the close dielectric properties between SiC and BN, the complex permittivity

f SiCf/SiC composites with and without the BN interphase is similar.
 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

SiC has excellent mechanical strength at elevated tem-
erature, high oxidation resistance, high corrosion resistance,
igh thermal conductivity, low thermal expansion and high
hermal shock resistance.1,2 In addition, due to the excellent
emiconductivity and relatively stable dielectric properties at
levated temperature, SiC also has many practical and potential
pplications for microwave absorption at high temperature.3–14

owever, owing to the inherent brittle failure behavior of mono-
ithic SiC ceramic, it has been gradually substituted by SiCf/SiC
omposites, which can significantly improve the toughness of
onolithic SiC ceramic.15–17

For SiCf/SiC composites, the interphase between the fiber

nd matrix is one of the key factors that determine the mate-
ial properties. The appropriate interphase allows for crack
eflection, fiber pullout and fiber–matrix debonding, which

∗ Corresponding author. Tel.: +86 731 84576440.
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an provide excellent mechanical properties for SiCf/SiC
omposites17; at the same time, as one of important constituents
n composites, the interphase also affects the dielectric properties
f SiCf/SiC composites remarkably.

Pyrocarbon (PyC) and BN with layered crystal structures
re the most commonly used and effective interphase materi-
ls for SiCf/SiC composites.17 However, PyC interphase is not
ppropriate to being used in SiCf/SiC composites for microwave
bsorbing applications, because the continuous PyC interphase
ith high electrical conductivity can lead to strong microwave

eflection of SiCf/SiC composites.18 Consequently, BN with low
ielectric constant characteristics is the ideal interphase material
f SiCf/SiC composites for microwave absorbing applications.

Chemical vapor deposition (CVD) is the primary process to
repare BN interphase for SiCf/SiC composites.19–22 However,
here are still some disadvantages, such as the CVD process may
equire some hazardous precursor, and the reactants or gaseous

roducts may affect the substrate materials at deposition tem-
erature. In addition, it is difficult to control the pressure and
ow rates of the reactants to attain good infiltration into yarns

o form uniform coating on the individual fiber.23

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.009
mailto:xzddlht@163.com
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.009
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Table 1
Properties of KD-2 SiC fiber.

Type KD-2

Diameter (�m) 14–16
Number of filaments (fil/yarn) ∼1200
Tensile strength (MPa) 1500–1900
Density (g/cm3) ∼2.55
C/Si atom ∼1.23
Chemical compositions of fiber surface layer Silicon-based oxide
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Fig. 1. The FT-IR spectra of production from boric acid and urea at different
nitridation temperature and time.
rocessing temperature ∼1400 ◦C

In this study, BN interphase of SiCf/SiC composites was
repared by dip-coating process in boric acid and urea solu-
ions followed by nitridation at nitrogen atmosphere. The effects
f dip-coating process on the morphology and chemical com-
ositions of fiber coating, tensile strength of SiC fiber and
echanical properties of SiCf/SiC composites were investi-

ated. In addition, the electrical resistivity of SiC fiber with BN
oating and complex permittivity of SiCf/SiC composites with
N interphase were studied, to the best our knowledge, which
re rarely reported before.

. Experimental

The reinforcements used to prepare 2D-SiCf/SiC composites
ere plain-weave KD-2 SiC fiber cloths, and the properties of
D-2 SiC fiber (from National University of Defense Technol-
gy, China) are shown in Table 1. Polycarbosilane (PCS), the
recursor of SiC matrix, with relative molecular mass ∼1300
nd softening point ∼210 ◦C, was synthesized in our labora-
ory. The 2D-SiCf/SiC composites were fabricated by precursor
nfiltration and pyrolysis (PIP) process, and the detailed pro-
ess could be found in Ref. 24. The fiber volume fraction and
orosity in the SiCf/SiC composites are about 45% and 18%,
espectively.

Prior to PIP, the BN coating was deposited on the SiC fiber
y dip-coating process. Boric acid (H3BO3, Tian Jin Hengxing
hemical preparation Co., LTD, China) and urea (CO(NH2)2,
ASF Chemical Corp., Germany) were employed as the boron
nd nitrogen sources of BN, respectively. Boric acid and urea
3:1, wt ratio) were dissolved in the mixture of ethanol and
eioned water (2:1, vol. ratio), and the concentration of solution
s 0.8 mol/L.

The degreased SiC fiber plain-weave fabrics were dipped in
he precursor solution of BN and ultrasonically vibrated for
5 min. Then the sample was drawn from the solution with a
onstant speed of 30 cm/min by a low speed motor and dried
n air for 12 h. Finally, the coated fabrics were placed in a fur-
ace for nitridation at different temperature at a rate of 5 ◦C/min
nder nitrogen atmosphere.

Scanning electron microscopy (SEM) work was done using
 HITACHI FEG S4800 SEM. The chemical compositions
f coating were analyzed by EDS equipped with SEM. An

nvestigation of bonding in the nitridation production from BN
recursor was performed via Fourier transform infrared (FT-
R) spectroscopy (Nicolet Avatar-360 FT-IR). The phases of

Fig. 2. The XRD patterns of production from boric acid and urea at nitridation
temperature of 900 ◦C and 1000 ◦C.
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Fig. 3. SEM micrographs of the BN coa

he nitridation production from BN precursor were character-
zed by X-ray diffraction (XRD) analysis using monochromatic
u K� radiation with a D8 ADVANCE diffractometer. X-ray
hotoelectron spectroscopy (XPS) analysis was done using a
G ESCA-LAB MK II apparatus with Al K�  radiation and

alibrated against Au 4f7/2 and Cu 2p3/2 lines. Raman spectra

ere recorded with a Raman spectrometer HR 800 (Jobin-Yvon

ompany, France) in backscattering geometry at 532 nm excita-
ion wavelength. The laser beam was focused in air at normal

a
F

ith different dipping-annealing times.

ncidence on a small area of the fiber surface (ca. 1 �m2), and the
aser beam power was 10 mW. The specimens for transmission
lectron microscope (TEM) observations followed the prepara-
ion procedure described by Dietrich et al.25 TEM imaging was
erformed using a JEOL JEM-2010 high-resolution microscope
perating at 200 kV.
Tensile strength of fiber was performed at room temper-
ture with a MTS-Adamel DY-22 machine (Ivry sur Seine,
rance) equipped with a 5 N load cell. The crosshead speed
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treatment are shown in Fig. 6. A strong peak at about 1370 cm−1
Fig. 4. EDS ana

as 0.5 mm/min. In each case, 20–25 samples were tested
ith a 20 mm gauge length. The electrical resistivity measure-
ent of SiC fiber followed the method described by Chollon

t al.10 Three-point bending of SiCf/SiC composites was carried
ut at ambient temperature. The sample geometry was about
0l mm ×  4w mm ×  3t mm. The support span was 50 mm, and
he crosshead speed was 0.5 mm/min. The complex permittiv-
ty of SiCf/SiC composites was measured at frequency between
.2 and 18 GHz using the waveguide method with a HP8720ET
etwork analyzer.

. Results  and  discussion

.1.  Effects  of  nitridation  temperature  and  time  on  the  BN
ormation  from  boric  acid  and  urea

The FT-IR spectra of production from boric acid and urea at
ifferent nitridation temperature and time are shown in Fig. 1.
t can be found that the absorption peaks around 780 and
380 cm−1 are detected when nitridation temperature is above
00 ◦C, which are assigned to the B N bonds of t-BN accord-
ng to Ref. 23. The integrated area under B N absorption
eak increases with increasing nitridation temperature, which
ndicates that the yield of BN increases with the increase of
itridation temperature, but the increasing tendency is not obvi-
us when nitridation temperature is above 900 ◦C. In Fig. 1, no
eaks corresponding to cubic BN near 1356 cm−1 are observed.

The XRD patterns of production from boric acid and urea
t nitridation temperature of 900 ◦C and 1000 ◦C are shown
n Fig. 2. There are no obvious differences between the two
atterns. Two broad bands around 2θ  values of 26◦ and 42◦
re detected, which correspond to the (0 0 2) and (1 1 0) reflec-
ions of t-BN, respectively.23 The broad bands show that the
rystallization of BN is not complete.

From the results of FT-IR and XRD analysis, the nitridation
ondition of 1000 ◦C for 1 h is chosen to prepare the BN coating
or SiC fiber.

.2. Characteristics  of  the  BN  coating
.2.1.  SEM  and  EDS  analysis
Effects of dipping-annealing times on the morphology of BN

oating are shown in Fig. 3. After one time of dipping-annealing

i
i
a
i

of BN coating.

reatment, one layer of smooth and thin coating can be found,
ut the coating is not continuous (Fig. 3a and b). After two
imes of dipping-annealing treatment, the continuous and uni-
orm coating is formed, but elongated surface defects can be
etected on some filaments (Fig. 3c and d). After three times
f dipping-annealing treatment, the coating about 0.4 �m in
hickness is formed on the surface of SiC fiber, but spalling
nd delamination phenomena can be detected (Fig. 3e and f).
fter four times of dipping-annealing treatment, the fiber bridg-

ng is observed (Fig. 3g and h). From the SEM analysis above,
t can be concluded that the extent of stripping or cracking of
he coating increases with increasing dipping-annealing times,
hich should be ascribed to the greater volume contraction

rom the evaporation transformation of organic in the thicker
oating and the higher thermal stress associated with the incom-
atibility in the coefficients of thermal expansion between the
oating and fiber. EDS analysis of the coating with three times
f dip-coating treatment is shown in Fig. 4, and B and N are
etected.

.2.2. XPS  analysis
Survey XPS spectra recorded from the surface of SiC fiber

fter three times of dip-coating treatment are shown in Fig. 5a.
hotoelectron peaks from B 1s, N 1s, C 1s and O 1s are
learly recognized in the spectra. The intense B 1s component at
90.2 eV (Fig. 5b) corresponds to an atomic circle surrounding
he boron atom consisting of only nitrogen atoms, similar to that
ccurring in h-BN.26 The N 1s peak can be fitted into two sub
eaks at 399.0 and 399.8 eV (Fig. 5c), which should be assigned
o the N B and N H bonds, respectively.27 The N H bonds

ay be attributed to the incomplete decomposition of urea. The
resence of the weak C 1s and O 1s peaks indicates that a small
uantity of carbon and oxygen impurity is distributed in the
oating.

.2.3. Raman  analysis
Raman spectra of SiC fiber after three times of dip-coating
s detected, corresponding to in-plane B N stretching vibration
n h-BN (E2g2 modes).20 In addition, a weak peak detected at
round 3440 cm−1 should be assigned to N H bonds, which is
n agreement with the results of XPS analysis.
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Fig. 5. XPS sp

.2.4.  TEM  analysis
TEM cross-sectional images of the SiC fiber after three times

f dip-coating treatment are shown in Fig. 7. The coating about
00 nm in thickness adheres especially well to the fiber surface
Fig. 7a), which is agreement with the SEM observations of

ber coating. High-resolution images of the coating (Fig. 7b)
eveal that t-BN exists in the coating, but the crystallization is not
omplete. The TEM observations of the coating are agreement

Fig. 6. Raman spectra of BN coating.
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f BN coating.

ith the FT-IR and XRD analysis of the nitridation production
rom boric acid and urea.

According to the analysis results above, the BN coating with
urbostratic and amorphous hybrid structure deposited on the
iC fiber can be confirmed.

.3.  Effects  of  dipping-annealing  times  on  the  mechanical
nd electrical  properties  of  SiC  fiber

In Fig. 8, the relative tensile strength of the coated SiC fiber is
hown as a function of dipping-annealing times. It can be found
hat the relative tensile strength decreases with the increase of
ipping-annealing times, and the decreasing speed slows down
radually. The relative tensile strength is about 70% and 60%
fter one time and four times of dipping-annealing treatment,
espectively. The degradation of tensile strength may probably
e ascribed to the thermal stress damage from the volume con-
raction of coating and chemical damage from the formation
rocess of BN.
The effects of dipping-annealing times on the electrical resis-
ivity of SiC fiber are shown in Fig. 9. It can be found that there
re no obvious differences of the electrical resistivity between
iC fiber without and with BN coating, which are ascribed to

he similar electrical properties between SiC and BN.28
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Fig. 7. TEM cross-sectional imag
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ig. 8. Effects of dipping-annealing times on the tensile strength of SiC fiber.

.4.  Effects  of  BN  interphase  on  the  mechanical  properties
f SiCf/SiC  composites

The flexural strength of SiCf/SiC composites with BN inter-

hase prepared by different dipping-annealing times is shown
n Fig. 10. It can be found that the flexural strength increases
rstly and then decreases with the increase of dipping-annealing
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ig. 9. Effects of dipping-annealing times on the electrical resistivity of SiC
ber.
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es of the coated SiC fiber.

imes of BN interphase. The maximum of flexural strength can
e attained when three times of BN interphase treatment are
erformed, which is about 2 times that of SiCf/SiC composites
ithout BN interphase.
The fracture surface morphology of the SiCf/SiC composites

ithout and with BN interphase is shown in Fig. 11. For the as-
eceived SiCf/SiC composites, the fracture surface is very even,
nd nearly no pullout fiber can be found (Fig. 11a). As shown in
ig. 11b, a strong interfacial bonding occurs at the interface, and
o interfacial debonding behavior can be observed. Contrarily,
oncerning the SiCf/SiC composites with BN interphase, the
racture surface shows an evident fiber pullout (Fig. 11c), and
he maximal length of the pullout fiber can exceed 10 �m. The
nterfacial debonding phenomena are obvious between the fiber
nd matrix (Fig. 11d).

In general, the mechanical properties of the continuous fiber
einforced ceramic matrix composites are determined by the
n situ fiber strength and interfacial characteristics. In our pre-
ious work,24 it has been concluded that the stronger interfacial
omposites without appropriate interphase, which make the fiber

0

20

40

60

80

100

120

140

160

180

210 43

Number of cycles

Fl
ex

ur
al

 st
re

ng
th

/M
Pa

  

ig. 10. Flexural strength of SiCf/SiC composites with BN interphase prepared
y different dipping-annealing times.
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Fig. 11. The fracture surface morphology of SiCf/SiC composites without and with BN interphase.
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Fig. 12. The complex permittivity of SiCf/S

einforced mechanisms be out of service, and a brittle fracture
ehavior occurs.

However, for the SiCf/SiC composites with BN interphase,
he BN interphase with layered crystal structure can weaken the
nterfacial bonding and effectively improve the accommodation
etween the fiber and matrix. Due to the proper combination
etween the fiber and matrix, most matrix cracks deflect, round
hen they meet the BN interphase during fracture process of the

omposites. As a result, the roughing effect of fiber enhances and
he flexural strength of the SiCf/SiC composites is considerably
mproved.

.5. Effects  of  BN  interphase  on  the  microwave  dielectric

roperties of  SiCf/SiC  composites

The complex permittivity of SiCf/SiC composites without
nd with BN interphase is shown in Fig. 12. It can be found

3

Frequency/GHz

mposites without and with BN interphase.

hat the BN interphase has little influence on the microwave
ielectric properties of SiCf/SiC composites, which is ascribed
o the close dielectric properties between SiC and BN.29

.  Conclusions

. t-BN is formed using boric acid and urea as precursor at
1000 ◦C for 1 h under N2 atmosphere.

. The relatively compact and continuous BN coating can be
attained after three times of dipping-annealing treatment. The
tensile strength of SiC fiber decreases about 30% after BN
coating treatment, but the electrical resistivity of SiC fiber is

nearly constant.

. After three times of BN interphase treatment, the flexural
strength of SiCf/SiC composites with BN interphase is about
2 times that of SiCf/SiC composites without BN interphase,
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which is ascribed to the interfacial improvement on account
of the introduction of BN interphase.

. Due to the close dielectric properties between SiC and BN,
the complex permittivity of SiCf/SiC composites without and
with BN interphase is similar.
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