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Abstract

Due to the degradation of mechanical properties of mullite fiber-reinforced mullite matrix (Mug¢Mu) composites with pyrocarbon (PyC) and
BN interphases under an oxidation environment, single layer SiC interphases prepared by a chemical vapor deposition (CVD) process were
employed. Effects of the CVD SiC interphases on mechanical properties and interfacial characteristics of MuyMu composites fabricated via a
sol-gel process were investigated. The results show that the composites with CVD SiC interphases exhibit an obvious toughened fracture
behavior, and the flexural strength is about 2.67 times that of the composites without SiC interphases. Microstructure analysis reveals that SiC
interphases play a key part in protecting fibers from being damaged during the fabrication process of the composites, and weakening bonding
between fibers and matrix, which are both beneficial to the improvement in mechanical properties of the composites. Flexural strength of the

composites with SiC interphases after oxidation decreases by about 25.4%.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

For high temperature applications, mullite (3A1,03 -2Si0,)
ceramic has received considerable attention in the past decades
due to its outstanding properties, such as good chemical and
thermal stability, low thermal expansion coefficient and con-
ductivity, low dielectric constant and high creep resistance
[1,2]. However, the application of mullite ceramic is largely
limited by its low strength and fracture toughness [3].
Continuous fiber is one of the most effective reinforcements
for mullite ceramic. Several continuous fibers have been
introduced into the mullite matrix, e.g. C¢Mu, SiC¢/Mu,
Al,O3¢/Mu, Mu¢yMu, etc. [4-7]. Hereinto, Mug/Mu composites
usually have low strength due to the strong bonding between
fibers and matrix, and decreasing of the fiber strength during
the fabrication process [8,9]. Therefore, several interphase
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materials, such as BN, PyC, BN/SiC, monazite [10-12], have
been used to weaken interfacial bonding. But the single layer
SiC interphases have never been used in MuyMu composites.

The purpose of this paper is to investigate the effects of the
single layer CVD SiC interphases on mechanical properties
and interfacial characteristics of MuyMu composites fabricated
via a sol—-gel process.

2. Experimental procedure
2.1. Raw materials

The reinforcements used to prepare MuyMu composites
were twill-woven mullite fiber fabrics (ALF 3025T-FB3, from
Nitivy ALF Company, Japan). The mullite fiber preform was
3D-sewed by 8 layer mullite fiber fabrics using mullite fiber
yarns and the fiber volume fraction was about 41.5%. Diphasic
mullite sol, the precursor of the mullite matrix, was prepared
by blending a silica sol and an alumina sol (both from
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Snowchemical S&T Co., Ltd., China) in proportion to their
contents in the chemical composition of 3Al,03 - 2Si0, (3/2-
mullite) through mechanical stirring lasting for 0.5-1 h. The
density and viscosity of the mullite sol are 1.15 g/cm® and
6 mPa s, respectively. The ceramic yield is about 24.1 wt% at
1300 °C and pH is 5.0.

2.2. Materials preparation

Methyltrichlorosilane (MTS, CH;3SiCl;) was used for SiC
coating deposition. Deposition experiments were performed in
a hot-wall vertical reactor. Hydrogen was used as carrier gas,
which delivered MTS through the bubbler to the reactor; argon
was used as diluent and protective gas. The flow rate of
hydrogen and argon was fixed at 200 sccm and 75 sccm (cm’/
min), respectively. The deposition was performed at 1000 °C
for 2 h under a total pressure of 5.0 kPa.

MugMu composites with SiC interphases (SiC-Mug¢Mu
composites) were fabricated via the sol-gel process. As shown
in Fig. 1, the mullite sols were first infiltrated into mullite fiber
preform in a vacuum apparatus at room temperature for 6 h,
and then the preform was dried for 10 h at 80 °C to gel the
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mullite sols, and finally sintered at a heating rate of 10 °C/min
up to 1200 °C for 1 h in argon atmosphere. This process was
repeated 12 times to enhance the density of the composites.

2.3. Characterization of the materials

The density of the samples was measured according to
Archimedes' Laws. Three-point bending tests were carried out
at room temperature on samples with size of about
60 x 5" x 4'mm>. The gauge length was 50 mm and cross-
head speed was 0.5 mm/min.

Morphology of the CVD SiC coatings and the composites
after mechanical tests was observed by a scanning electron
microscope (SEM, HITACHI FEG S4800). Phase composi-
tions of mullite fibers, matrix and the composites were
determined by X-ray diffraction (XRD) analysis using mono-
chromatic Cu Ka radiation with a D8 ADVANCE diffract-
ometer (Bruker, Germany). Surface of the pullout fibers in the
composites was analyzed by EDS equipped with SEM.
Infrared absorption spectra were recorded from 400 cm ™' to
1600 cm~ ' with samples prepared by the KBr pellet method
using an AVATAR 370 (Thermo Nicolet). Chemical components
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Fig. 1. Fabrication process of Mu¢/Mu composites with SiC interphases. (1) preparation of mullite sol; (2) preparation of mullite fiber preform with CVD SiC
coatings; (3) infiltration of mullite sol; (4) gelation of mullite; (5) mullitization of matrix; (6) Muf/Mu composites with SiC interphases.
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Fig. 2. SEM images of mullite fibers: (a) as-received and (b)—(d) with SiC coatings.
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Fig. 3. XRD patterns of mullite fibers: (a) as-received and (b) with SiC
coatings.

of the fibers were traced with X-ray photoelectron spectroscopy
(XPS) analysis using a Thermo ESCALAB 250 apparatus with
Al Ka radiation of energy 1486.6 eV.

3. Results and discussions
3.1. Characteristics of the CVD SiC coatings
Surface morphologies of mullite fibers with CVD SiC

coatings are shown in Fig. 2b—d, and those of uncoated mullite
fibers are shown in Fig. 2a for comparison. It can be seen that
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Fig. 4. FT-IR spectra of mullite fibers: (a) as-received and (b) with SiC coatings.

as-received fibers have smooth and homogeneous surface.
After SiC coatings are deposited, some traces of strumae are
observed on fiber surface (Fig. 2b and c). As shown in Fig. 2d,
the SiC coating thickness is about 1.5 pm.

XRD pattern of mullite fibers with CVD SiC coatings is
presented in Fig. 3b. For comparison, XRD pattern of as-
received fibers is shown in Fig. 3a. Several XRD peaks are
observed in Fig. 3a, which correspond to mullite and y-Al,O3
phases. In Fig. 3b, three accessional obvious diffraction peaks at
about the 20 values of 35.60°, 60.06° and 71.83° (d=0.252,
0.154 and 0.131 nm) are detected, which correspond, respec-
tively, to the (1 1 1), (22 0) and (3 1 1) reflections of -SiC [13].
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FT-IR spectra of mullite fibers are shown in Fig. 4. A
narrow and sharpening absorption peak around 830 cm ™' and
a shoulder near 940 cm ™' are detected for fibers with CVD
SiC coatings, which are assigned to the transversal optic (TO)
mode and the longitudinal optic (LO) mode of the SiC
stretching vibration, respectively [14]. It is difficult to recog-
nize the band near 1260 cm ™' due to Si—~O-Si bond vibration
in SiO4 or Si—C bond stretch [15].

Examination of the XPS spectra around C 1s and Si 2p
regions of the SiC coatings provides more details about the
chemical components of the coatings. It can be seen from
survey scan (Fig. 5a and b) that Al 2s and Al 2p peaks
disappear for fibers with SiC coatings. The peaks positioned
near 198 eV and 271 eV correspond to CI 2p3, and Cl 2s,
respectively, which indicate the absorption of HCI in CVD SiC
coatings. Moreover, C s peak can be fitted into two sub-peaks
at 282.6 eV and 283.2 eV (Fig. 5c), which should be assigned
to C-Si and C-C bonds, respectively [16,17]. C—C bonds
are attributed to free carbon in the coatings. The peak
positioned at 100.9 eV in Si 2p spectra (as shown in Fig. 5d)
is also identified as Si—C bond [18]. Hence, the above XRD,
FT-IR and XPS results suggest that the carbon-rich p-SiC
coatings are successfully prepared on mullite fibers by a CVD
process.
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3.2. Phase composition of Mu/Mu composites

XRD pattern of as-received Mug¢Mu composites is shown in
Fig. 6. It can be seen that the composites are composed of
mullite, y-Al,O3 and cristobalite phases. Hereinto, the major
component is mullite, which contributes to good chemical and
thermal resistance. Moreover, the phase developments of
mullite fibers and gel-derived matrix during a heating process
at fabrication temperature are also detected and shown in
Fig. 7.

As shown in Fig. 7a, original fibers consist of y-Al,O5; and
amorphous silica. After heat-treatment at 1200 °C for 1 h, y-
Al O3 reacts with amorphous silica to form orthorhombic
mullite, the typical characterization of which is the splitting of
(120) and (2 1 0) crystal planes at 26 value of about 26° in
XRD patterns [19]. As heat-treatment time is prolonged to
12 h, there is no change in phase structure but only enhancing
of crystallinity degree and growing of mullite grains, which
can be confirmed by the sharpening of (120) and (210)
crystal planes (the insets of Fig. 7a) [20].

As shown in Fig. 7b, dried mullite gel is composed of
bohemite. After heat-treatment at 1200 °C for 1 h, y-Al,O5 is
created. In addition, a wide peak is observed, suggesting that
amorphous silica exists in the product. As heat-treatment time
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Fig. 5. XPS spectra of mullite fibers: (a) as-received and (b)-(d) with SiC coatings.
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is prolonged to 12 h, y-Al,O3 partially reacts with amorphous
silica to form orthorhombic mullite, which is mainly controlled
by the reaction dynamics mechanism. And the production
mainly consists of mullite, y-Al,O3; and amorphous silica.
Besides, a trace of cristobalite originated from the crystal-
lization of amorphous silica is also detected.

In general, under the condition that the inter-diffusion and
reaction between mullite fiber and matrix are not evident and
localized just at the fiber/matrix interface [21], it can be
deduced that the mullite phase in the composites is ascribed
to mullite fiber and gel-derived matrix, while y-Al,O; and
cristobalite phases are mainly assigned to gel-derived matrix.

3.3. Mechanical properties of Mu/Mu composites

The flexural stress—displacement curves of MuyMu compo-
sites are shown in Fig. 8. Properties of the composites are
summarized in Table 1. As shown in Fig. 8a, as-received
composites exhibit an obvious brittle fracture behavior. In
contrast, SiC—-Mug¢Mu composites show a standard toughened
fracture behavior (Fig. 8b). When load reaches a maximum, it
will not decrease sharply, but drop off gradually. The flexural
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strength of SiC—Mu¢/Mu composites is about 2.67 times that of
as-received composites.

3.4. Microstructure of Muy/Mu composites

From the stress—displacement curves of the composites, it
can be concluded that SiC interphases play a key part in
improving mechanical properties of the composites. In order to
investigate the effects of SiC interphases on mechanical
properties of the composites, microstructure analysis is adopted
by SEM.
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Fig. 8. Flexural stress—displacement curves of MugMu composites: (a) as-
received, (b) with SiC interphases, and (c) after thermal oxidation at 1200 °C
for 4 h.

Table 1
Properties of Muy/Mu composites.

Samples Original After thermal oxidation
Density Flexural Ratio of Density Flexural
(g/em?)  strength weight loss  (g/em®)  strength
i 1 i 1 R 1 R 1 . 1 . 1 (MPa) (%) (MPa)
10 20 30 40 50 60 70
20 (deg) As-received 2.07 37.51 0.85 2.10 36.67
) SiC-Mu¢/Mu  1.97 100.33 2.68 1.85 74.83
Fig. 6. XRD pattern of as-received Mug/Mu composites.
a ° O:y -ALO, A b O: bohemite v7:y -ALO,
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Fig. 7. Phase development of mullite fibers (a) and gel-derived matrix (b) during the heating process at 1200 °C.
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Fig. 9. Fracture surfaces of Mu¢/Mu composites: (a, b) as-received, (c, d) with CVD SiC interphases, and EDS analysis (e).

Fracture surfaces of MugMu composites are shown in
Fig. 9. For as-received composites, fracture surface is very
even, and no pullout fibers can be found (Fig. 9a). As shown in
Fig. 9b, mullite fibers were surrounded by mullite matrix
tightly, and no interfacial debonding behaviors can be
observed. Thus, the flexural strengths of the composites are
low. Contrarily, for SiC—-Mug¢Mu composites, fracture surfaces
show apparent fiber pullout (Fig. 9c), and the maximum length
of the pullout fibers can exceed 40 pm. Surfaces of the pullout
fibers are rough, and evident coatings surround the fibers.
Interfacial debonding behaviors can be easily seen in Fig. 9d.
When cracks extend into the SiC interphases, owing to their
non-layered crystal structures, the cracks cannot deflect, but
traverse the SiC interphases. Due to the relatively weak
bonding between the SiC interphases and mullite fibers and
matrix resulted from thermal mismatching, they will deflect at
the interfaces either between the SiC interphases and mullite
fibers or between SiC interphases and mullite matrix, which
can both lead to interfacial debonding and fiber pullout in SiC—
Mug¢/Mu composites.

Moreover, it can be seen from EDS analysis (Fig. 9¢) that
the bottom of the pullout fibers is surrounded with SiC
coatings while no coatings exist on the top of the pullout
fibers in SiC-Mug¢Mu composites, which also proves that
interfacial debonding occurs not only between SiC interphases
and mullite fibers, but also between SiC interphases and
mullite matrix.

3.5. Effects of thermal oxidation on mechanical properties of
the composites

Although several researchers have confirmed that CVD SiC
interphases show a good anti-oxidation capability [22,23] and
Mug¢/Mu composites also have good oxidation resistance
property [24], it is still necessary to evaluate the effects of
thermal oxidation on mechanical properties of SiC—MuyMu
composites as the SiC interphases prepared in this paper are
rich in carbon.

The ratio of weight loss of the composites after
thermal oxidation at 1200 °C for 4 h is shown in Table 1.



Y. Wang et al. / Ceramics International 40 (2014) 47074715 4713
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Fig. 10. Cross-sectional morphology of SiC—-Mu¢Mu composites after thermal
oxidation at 1200 °C for 4 h.

It is observed that the ratio of weight loss of SiC-Muy/Mu
composites

is much higher (2.68%) than that of as-received compo-
sites (0.65%). The minor weight loss of the as-received
composites comes mainly from two ways: 1) oxidation of
the rudimental impurity from a desizing process and 2) volatiliza-
tion of the absorbing water. From Fig. 8c, it can be seen that SiC—
MugMu composites after thermal oxidation still exhibit an
obvious toughened fracture behavior. And the flexural strength
of the composites is 74.6% of that of the original samples.

Fig. 10 shows cross-sectional morphology of SiC-Mu/Mu
composites after thermal oxidation at 1200 °C for 1 h. It can be
seen that the pores caused by carbon combustion are evident in
SiC interphases. The bonding between matrix and interphase is
tight, and matrix crack can effectively propagate to the SiC
interphases and deflect between the pores in them. Moreover,
interfacial debonding induced by a polishing process can be
clearly seen between the fiber and interphases.

Fig. 11. Fracture surfaces of SiC—Mug¢/Mu composites after thermal oxidation at 1200 °C for 1 h (a, b), 4 h (c, d), and 8 h (e, f).
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Fracture surfaces of SiC—-Mug¢/Mu composites after thermal
oxidation at 1200 °C for different times are shown in Fig. 11.
It can be seen from lower magnification photographs (Fig. 11a,
¢ and f) that the fiber pullout mechanism is evident for all the
samples and the maximum length of the pullout fibers
decreases with oxidation time increasing. Besides, different
interfacial debonding behaviors can be seen from higher
magnification photographs. As shown in Fig. 11b, the inter-
facial debonding occurs between the fiber and interphases, and
the surface of the pullout fiber is smooth without any
interphases. For the composites oxidized for 4 h (Fig. 11d),
interfacial debonding occurs in SiC interphases, and the
thickness of the coatings presented in matrix is uniform, while
the coatings adhering to pullout fibers are porous and rough.
Concerning the composites oxidized for 8 h (Fig. 11f), inter-
facial debonding is not evident, and the pullout fibers are
surrounded tightly by the coatings. Therefore, it can be
concluded that the interfacial bonding becomes stronger with
oxidation time increasing, the reason for which may be the
local SiC oxidation with SiO, glass formation on sides of the
SiC coatings during heat-treatment at 1200 °C in air atmo-
sphere [10].

As a matter of fact, the interfacial debonding/sliding
resistance of SiC—-Mug¢/Mu composites mainly depends on
elastic modulus of the SiC coatings. Low elastic modulus
significantly decreases the interfacial debonding/sliding resis-
tance, and promotes fiber pullout. Elastic modulus is a function
of porosity [25]:

E, =E(1-1.9f,+0.9f7) (1)

where E and E|, are the elastic modulus of the fully dense
and porous materials, respectively, and f, is the porosity.
The elastic modulus of dense SiC is 185.0 GPa [26] assuming
that the porosity of the SiC coatings after thermal oxidation
is about 30%, and the elastic modulus is about 94.5 GPa. The
decreasing of elastic modulus of the coatings favors the fiber
pullout mechanism. Besides, during heat-treatment at 1200 °C,
the local formation of SiO, glass by SiC oxidation will
gradually decrease the coating porosity and thus increase the
modulus of the SiC coatings. Then the fiber pullout mechanism
will be limited. Therefore, due to the oxidation of SiC coatings
and degradation of mullite fibers during the thermal oxidation
process, the strength of SiC—Muy/Mu composites degraded
after thermal oxidation.

4. Conclusions

Effects of the single layer CVD SiC interphases on
mechanical properties and interfacial microstructure of Muy/
Mu composites were investigated, and following conclusions
can be reached:

(1) Uniform B-SiC fiber coatings about 1.5 pm thick are
deposited on mullite fibers by the CVD process. Some
traces of strumae are distributed on the fiber surface.

(2) Compared with as-received composites, Muy/Mu composites
with CVD SiC interphases exhibit an obvious toughened

fracture behavior, flexural strength of which is about 2.67
times that of as-received composites. The SiC interphases can
provide protection for mullite fibers and appropriate interfacial
bonding, which are both beneficial to the improvement in
mechanical properties of Muy/Mu composites.

(3) The oxidation resistance of the composites with SiC
interphases is a little weaker than those without SiC
interphases. The strength of the composites after thermal
oxidation at 1200 °C for 4 h degrades by about 25.4%.

(4) The interfacial bonding of the SiC—MuyMu composites
becomes stronger with oxidation time increasing, the
reason for which may be the local SiC oxidation with
Si0, glass formation on sides of the SiC coatings during
heat-treatment at 1200 °C in air atmosphere.
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