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Abstract

BN/SiC dual-layer interphase in SiC¢/SiC composites was successfully prepared using urea—boric acid solution as precursor for dip-coating
process and PCS/xylene solution for PIP process. XRD and Raman spectrum results show that both BN and SiC sub-layers have relatively
low crystalline degree. The surface of as-prepared BN/SiC dual-layer interphase is smooth and homogeneous, and its thickness is about 0.42 pm.
The flexural strength and failure displacement of composites with BN/SiC dual-layer interphase are improved conspicuously to 272 MPa and
0.26 mm, which are both much higher than those of composites without interphase, whose ultimate values are only 126 MPa and 0.14 mm,
respectively. The composites with dual-layer interphase show better anti-oxidation capability than do the composites with BN interphase below
1000 °C. ¢’ and &" of the composites increase from 30—i22 to 45—i32 after incorporation of dual-layer interphase, which are caused by

relaxation polarization and conductance losses established in the components, including fibers, matrix and interphase.

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

SiC¢/SiC composites have been developed as promising
structural or functional materials for applications in advanced
aerojet engines, stationary gas turbines and nuclear fusion
reactors due to their excellent properties, such as high strength,
high thermostability, low density, high resistance to corrosion
and microstructural stability under neutron irradiation [1]. The
main advantages of SiCy¢/SiC composites with respect to their
monolithic counterparts lie in the fact that they can be
converted into toughened materials by introducing a proper
design of fiber/matrix interphase to impede microcracks
formed under load in the matrix and to prevent early failure
of the fibrous reinforcement, although their constituents are
intrinsically brittle [2]. It has been recognized that the best
interphases might be those with a laminar structure, such as
PyC [3-5] and h-BN [6-8], or a multi-layered microstruc-
ture, such as (PyC-SiC),, [9,10] and (BN-SiC), [11,12] (say,
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(X=Y),,), the layers being coated alternately and parallel to the
fiber surface. Compared with the single-layered interphase,
the multi-layered interphase can be widely tailored, such as the
elemental types of X and Y, the sequence number n and the
thickness of X and Y sub-layers. What is more, the functions of
interphase can be decoupled with the result that the layer X can
act as a mechanical fuse to maintain good load transfer and the
layer Y can act as diffusion barrier during the composites
processing [13].

From the mechanical standpoint, the optimized interphase
synthesized in SiCy¢/SiC composites provides improvements not
only in toughening the composites, but also in extending lifetime
under oxidizing atmosphere at elevated temperatures. In compar-
ison with BN, PyC is oxidation prone even at low temperatures,
whose oxidizing temperature is about 450 °C versus 800 °C for
BN [14]. Hence, the PyC interphase becomes the weak point for
SiC¢/SiC composites when used in oxidizing atmosphere. On the
other hand, the PyC interphase is not appropriate for microwave
absorbing applications of SiCy#/SiC composites because it can lead
to strong reflection of electromagnetic wave due to its high
electrical conductivity [15]. Consequently, BN with low electrical
conductivity is one of the ideal interphase materials for microwave
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absorbing applications of SiC¢SiC composites [16]. In addition,
SiC has been extensively investigated for microwave absorbing
applications by many researchers in recent years. H. Tian et al. [17]
synthesized a kind of C-enriched «-SiC powders through combus-
tion process and reported its effects on dielectric properties of
Si0,/SiO, composites in the frequency range of 8—18 GHz. This
revealed that the SiC powders enhanced the complex permittivity
of the composites and a bandwidth of 5 GHz with the reflectivity
below — 10 dB was obtained for the composites with 20 wt% SiC
powders. H. T. Liu et al. [18] studied the effects of high
temperatures on dielectric properties of SiCy/SiC composites
prepared by PIP process. The results indicated that both the real
and imaginary parts of complex permittivity increased with
increasing temperatures. Q. Li et al. [19] prepared porous SiC
ceramics using polycarbosilane as precursor by PIP process and
investigated the effects of annealing temperatures on microwave
absorption properties of the ceramics in X band. As reported, an
excellent microwave absorption property with average reflectivity
of —9.9 dB was achieved for the sample annealed at 1400 °C. In
this work, SiC will be prepared as interphase materials for
functional and mechanical purpose.

Various processes have been developed for the preparation
of BN and SiC interphases [20-23]. By comparison, dip-
coating for BN interphase and PIP process for SiC interphase
are the proper methods for preparation of BN/SiC dual-layer
interphase, which display several important advantages: (1)
simple organic or inorganic precursors are available for the
interphase materials of interest; (2) they are low-temperature
and low-pressure processes with no significant degradation of
the fibers. Up to now, much attention has been mainly focused
on the preparation and characterization of BN/SiC dual-layer
interphase [11,24], while the reports on mechanical and
dielectric properties of SiC¢/SiC composites with BN/SiC
dual-layer interphase are rare.

In the present work, the microstructure of prepared BN and
SiC sub-layers was characterized, and the effects of BN/SiC
dual-layer interphase on mechanical properties, oxidation
resistance and dielectric properties of SiCy/SiC composites
were investigated.

2. Experimental procedure
2.1. Preparation of the interphase and composites

The KD-I SiC fiber bundles used as the reinforcement were
provided by National University of Defense Technology,
China. General characteristics of the fibers were described
elsewhere [22]. The 2.5D shallow straight-joint fabrics were
braided by Nanjing Glass Fiber Institute, China, and the fiber
volume fraction was 40%. PCS powders with molecular
weight ~ 1800 and softening point ~ 180 °C were provided
by National University of Defense Technology, China.

Prior to interphase preparation, the SiC fabrics were desized in
vacuum at 700 °C for 1 h and ultrasonically cleaned in acetone
solution for 15 min. The BN sub-layer was synthesized on the
fiber surface, and then the SiC sub-layer. Preparation route of
SiC¢/SiC composites with BN/SiC dual-layer interphase is shown
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Fig. 1. Preparation route of SiC¢SiC composites with BN/SiC dual-layer
interphase.

in Fig. 1. For preparation of BN sub-layer, 0.05 mol boron acid
and 0.60 mol urea were mixed together and dissolved in the
mixture of 100 ml deionized water and 200 ml ethanol. The
mixture was ultrasonically stirred for 10 min in order to mix and
dissolve sufficiently. The multiple fabrics were dipped into the
urea—boric acid solution for 10 min in vacuum. After infiltration,
these fabrics were dried at 50 °C using an electric air blowing
dryer. Finally, the samples were heated at a rate of 5 °C/min in
nitrogen to 1000 °C for 2 h in a vacuum sintering furnace (ZRS-
150, San Te, Jinzhou, China). The SiC sub-layer was derived from
PCS/xylene solution with a concentration of 10 wt%. The SiC
fabrics with BN sub-layer were dipped into the PCS solution in
vacuum for 15 min. After infiltration and drying, the samples were
heated to 1100 °C and held for 2 h.

The SiC fabrics were densified with SiC matrix using the
thermal decomposition of methyltrichlorosilane (MTS). H,
was chosen as carrier gas and diluent gas with flow ratios of
30 and 300 ml/min, respectively. The CVD densification
process was carried out at 1000 °C for 16 h for each composite
at 8 kPa in the reactor.

2.2. Characterization

The microstructure of prepared interphases was character-
ized by X-ray diffraction (X'Pert PRO MPD, PANalytical,
Almelo, The Netherlands) and Raman spectroscopy (LabRAM
HR800). The surface morphologies of prepared interphases
and as-received fracture surface of composites after three-point
bending tests were characterized by a scanning electron
microscope (Model SUPRA-55, Zeiss, Germany).

The open porosity of the samples was tested by the
Archimedes method. Three-point bending test (specimen size
of 40'mm x 4" mm x 3’ mm) was carried out at ambient
temperature with a cross-head speed of 0.5 mm/min and
support span length of 30 mm using a universal testing
machine (Haida Qualitative Analysis, HD-609B). Specimens
were cut parallel to the longitudinal direction, and the test was
conducted following the general guidelines of ASTM standard
C 1341, using five specimens. ¢ was calculated by the
following equation:

o =3FL/2bh* 1)
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where F is the load at a point of deflection of a load-
displacement curve in test, L is the support span length, b is the
specimen width, and /% is the specimen thickness.

The real part (¢') and imaginary part (¢”) of complex permittivity
that correlate polarization and dielectric loss were measured in the
frequency range of 8.2-12.4 GHz by the waveguide method using
a vector network analyzer (E8362B). The dimensions of measured
samples were 22.86 mm x 10.16 mm x 2.0 mm.

3. Results and discussion
3.1. Microstructure and morphology of prepared interphases

Fig. 2 shows the XRD pattern and Raman spectrum of
prepared BN interphase. It is found in Fig. 2(a) that an obvious
peak around 26 value of 26.5° is detected, which corresponds
to (002) crystal plane of t-BN [20]. And other diffractions at
42° (100), 55° (004), and 76° (110) are also discernible. The
Raman spectrum in Fig. 2(b) displays that only one broad peak
located at near 1380 cm ™' is observed, which is the E,; band
that resulted from the vibration of B-N bond, corresponding to
the characteristic of t-BN [25]. These results show that the dip-
coated BN interphase has relatively low crystalline degree.
Surface morphologies of original and BN coated SiC fibers are
shown, respectively, in Fig. 3(a) and (b). In Fig. 3(a), the
surface of original SiC fibers is inhomogeneous and contains
some defects. After dip-coating, shown in Fig. 3(b), the fibers
are carpeted with smooth and uniform BN interphase, and part
of interphase spalling on fiber surface can be observed. It is
detected in Fig. 3(c) that the thickness of BN sub-layer is about
0.2 pm.

Fig. 4 shows the XRD pattern and Raman spectrum of
prepared SiC interphase. In the XRD pattern shown in Fig. 4
(a), three obvious peaks around 26 values of 35.7°, 60.4° and
71.8° correspond to (111), (220) and (311) reflections of
B-SiC, respectively. The broad bands show that the crystalline
degree of $-SiC is not complete. The Raman spectrum in Fig. 4
(b) shows that two relative broad bands at about 1380 and
1580 cm ! are detected, which are called D and G bands of
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Fig. 2. (a) XRD pattern and (b) Raman spectrum of prepared BN interphase.
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carbon respectively. The D and G peaks indicate that the PIP-
SiC interphase has carbon excess [26]. The SiC peaks cannot
be detected because the Raman scattering efficiency of carbon
species can be assumed to be at least ten times higher than that
of pure SiC due to their optical absorption [27]. The above
results exhibit that the interphase is an amorphous state
embedded with B-SiC and carbon micro-crystals. The surface
and cross-section SEM images of SiC fibers with SiC inter-
phase are shown in Fig. 3(d) and (e). It appears in Fig. 3(d) that
the interphase formed at 1100 °C is continuous and uniform,
except that a few delaminations exist on the surface. The
thickness of SiC sub-layer is about 0.2 pm, shown in Fig. 3(e).

Fig. 5 shows the surface morphologies of SiC fibers with
BN/SiC dual-layer interphase. After dip-coating and PIP
process, the fibers are covered obviously by interphase and
their surfaces are relatively smooth except for molten state
delamination on some filaments, shown in Fig. 5(a) and (b).
The thickness of as-prepared dual-layer interphase is estimated
to be about 0.42 pm shown in Fig. 5(c). Although there are
some defects on the fiber surface, hardly any representative
fiber bridging can be seen in Fig. 5(d). In SiC¢/SiC composites,
a proper surface morphology of the interphase is necessary for
the purpose of minimizing stress concentration and having the
correct crack deflection behavior [28].

3.2. Mechanical properties of SiCs/SiC composites with
BN/SiC dual-layer interphase

3.2.1. Effects of dual-layer interphase
on mechanical properties

Properties of the fabricated SiC¢/SiC composites without and
with BN/SiC dual-layer interphase are listed in Table 1. The
flexural strength and failure displacement of composites with
interphase are 272 MPa and 0.26 mm respectively, which are
both much higher than those of composites without interphase,
whose ultimate values are at only 126 MPa and 0.14 mm, even
though no obvious differences in bulk density and porosity are
observed. It can be seen that the flexural strength and failure
displacement of SiC¢/SiC composites are significantly
improved two times after preparation of BN/SiC dual-layer
interphase.

Fig. 6 shows the typical stress—displacement curves of SiCy/
SiC composites fabricated without and with interphase. It is
observed in Fig. 6 that sample (a) without interphase shows
low flexural strength and fails in a catastrophic manner. With
the incorporation of BN/SiC dual-layer interphase, the fracture
behavior is completely changed and the curve of the compo-
sites exhibits standard toughened fracture behavior, as dis-
played in sample (b). When the load reaches maximum, the
curvilinear trend will decline gradually, and then considerably
increased failure displacement is observed for composites with
interphase. The much larger extended area under the curve
of sample (b) indicates that much larger amount of fracture
energy is consumed during the composites fracture [9].
This can be further supported by the fracture surface morphol-
ogies of SiC¢/SiC composites shown in Fig. 7. As seen from
Fig. 7(a), the composites without interphase show hardly any
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Fig. 3. Surface morphologies of the SiC fibers: (a) as received; (b, ¢) with BN interphase; and (d, e) with PIP-SiC interphase.

fiber pull-out. In the case of composites with interphase shown
in Fig. 7(b), extensive fibers debonding and pull-out are
observed in the fracture surface, and the surface of pull-out
fibers is smooth and free of any matrix.

Generally, the mechanical properties of SiC¢/SiC composites
are determined by the interfacial bonding strength and in situ
fiber strength [29]. During the CVI process, plenty of
aggressive gas will be generated from the decomposition of
intermediate silicon and carbon species. The SiC fabrics are
seriously damaged by the aggressive gas when there is no
interphase. According to Ref. [30], a turbostratic PyC inter-
phase around 30 nm is found on the surface of KD-I SiC
fibers. Although the slight interphase is favorable for the
mechanical property improvement of SiC¢/SiC composites by
PIP process, it is difficult to form an effective barrier layer to

prevent elemental interdiffusion and chemical reactions during
such a long period of CVI process, since the fracture surface is
even and hardly any fiber debonding can be observed in Fig. 7
(a). Simultaneously, defects existing on the surface of original
SiC fibers would lead to strong physical interfacial bonding
with SiC matrix. Thus, the low fiber strength and strong
interfacial bonding would make the reinforcing mechanisms
invalid and a brittle fracture behavior occurs in the as-received
SiC¢/SiC composites.

As it is well known that BN and PIP-SiC are both inert
materials, it can play a diffusion barrier part at the interface to
protect the fibers from chemical damage when introducing the
BN/SiC dual-layer interphase. Obvious fiber/interphase inter-
facial debonding phenomena are detected in Fig. 7(c), indicating
that the dual-layer interphase effectively weakens the chemical
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interfacial bonding to the fibers. Moreover, the interphase helps
to compensate for the defects on SiC fibers to reduce the stress
concentration. Based on the results in previous study [22], the
PIP-SiC interphase weakens the fiber/matrix interfacial bonding
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Fig. 4. (a) XRD pattern and (b) Raman spectrum of prepared SiC interphase.

Table 1
Properties of the fabricated SiCy/SiC composites.

and an obvious debonding is observed in the fiber/interphase
interface, which indicates that no elemental diffusion occurs and
a weak bonding forms between the PyC surface layers and PIP-
SiC interphase. Similarly, when the cracks propagate from
matrix to the fibers, possible crack deflection and interfacial
debonding also can take place between the turbostratic BN layer
and PIP-SiC layer, though no obvious debonding behavior is
observed in these interfaces. From the analysis above, it
indicates that the BN/SiC dual-layer interphase significantly
decreases the fibers damage and provides appropriate interfacial
bonding for SiC/SiC composites, which results in adequate
fracture toughness.

3.2.2. Effects
properties
Anti-oxidation capability of composites with BN/SiC dual-
layer interphase is also studied. Fig. 8 displays the stress—
displacement curves of SiC¢/SiC composites with interphase
oxidized at 800, 900 and 1000 °C for 6 h. It is revealed that the
composites still exhibit standard toughened fracture behavior
and the flexural strength decreases gradually from 208 to

of oxidation temperature on mechanical

!I

Fig. 5. Surface morphologies of the SiC fibers with BN/SiC dual-layer interphase.

Sample Density (g cm ™) Porosity (%) Flexural strength (MPa) Failure displacement (mm)
(a) 2.28 12.2 126(6") 0.14 +0.01
(b) 2.19 134 272(11) 0.26 +0.01

“Numbers in parentheses represent standard deviations for flexural strength.
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152 MPa with oxidation temperatures increasing from 800 to
1000 °C.

Fig. 9 shows comparison of flexural strength retentions of SiC¢/
SiC composites with BN interphase and BN/SiC dual-layer
interphase oxidized at 800, 900 and 1000 °C for 6 h. It is revealed
that the flexural strength retention of composites with dual-layer
interphase is much higher than that of composites with BN
interphase over the whole oxidation temperature range. In the
process of thermal oxidation, the microcracks and pores existing in
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Fig. 6. Stress—displacement curves of SiC¢/SiC composites: (a) without
interphase and (b) with BN/SiC dual-layer interphase.

the composites can be channels for oxygen to diffuse into the
interior of the composites. As oxidation temperature increases, the
matrix and SiC sub-layer would react with the diffused oxygen and
silica forms on the surface of SiC materials. Eventually, the glassy
silica can efficiently prevent further diffusion of oxygen and
insulate the SiC fibers with oxygen. In addition, the BN sub-
layer can arrest residual oxygen also, which will inhibit degradation
of mechanical properties of the composites.
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Fig. 8. Stress—displacement curves of SiC¢/SiC composites with BN/SiC dual-
layer interphase oxidized at different temperatures for 6 h: (a) 800 °C, (b)
900 °C and (c) 1000 °C.

Fig. 7. Fracture surface morphologies of SiC¢/SiC composites: (a) without interphase and (b, ¢) with BN/SiC dual-layer interphase.
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Fig. 9. Comparison of flexural strength retentions of SiC¢/SiC composites with
BN interphase and BN/SiC dual-layer interphase oxidized at different temperatures
for 6 h.

3.3. Dielectric properties of SiC/SiC composites with BN/SiC
dual-layer interphase

Fig. 10 displays comparison of complex permittivity for
SiC¢/SiC composites without interphase, with BN interphase
and with BN/SiC dual-layer interphase. For composites with-
out interphase, ¢’ and &” of complex permittivity have the
values of 30 and 22 respectively and are constant basically
within the measured frequency range. It is revealed that the
complex permittivity of composites with BN interphase is
consistent with that of composites without interphase, indicat-
ing that BN has little influence on the dielectric properties of
SiC¢/SiC composites. However, after BN/SiC interphase pre-
paration, ¢" and ¢” of the composites increase remarkably to 45
and 32 respectively.

In the SiC materials, possible mechanisms for the polariza-
tion are electronic polarization, space charge polarization,
relaxation polarization and reorientation polarization. The
increase of & could be attributed to relaxation polarization
enhanced by more dangling bonds and vacancies [31,32]. And
the larger &”, suggesting better capacity of dielectric loss in the
microwave frequency range, is usually associated with
increased electrical conductivity. For the SiC matrix deposited
from MTS, it has been confirmed that the CVD-SiC mainly
consists of excess carbon and B-SiC crystals including many
silicon and carbon lattice defects [33,34]. Under an alternating
electromagnetic field, the reorientation of these lattice defects
pairs results in polarization and energy dissipation, contribut-
ing to an increase of &. Owing to the existence of excess
carbon in the matrix and PyC surface layer on the SiC fibers, €
” is also remarkably enhanced, induced by the conductance
losses. As a result, the as-received SiC¢/SiC composites exhibit
a relatively high complex permittivity.

Compared to the composites without interphase, it can be
concluded that the improvement of complex permittivity for the
composites with dual-layer interphase is mainly ascribed to the
PIP-SiC layer. The SiC pyrolysis from PCS is a complicated
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Fig. 10. (a) Real part and (b) imaginary part of complex permittivity as a

function of frequency in the range of 8.2—12.4 GHz for SiC¢/SiC composites
without interphase, with BN interphase and with BN/SiC dual-layer interphase.

process, so highly pure SiC is difficult to be obtained.
As discussed above, it can be confirmed that the PIP-SiC is
incompletely crystalline and has carbon excess. The excess carbon
in the SiC sub-layer is in the form of nano-crystals graphite
dispersed around SiC crystals or in amorphous Si—-C-O phase,
which can form relatively continuous conductive network and play
an important role in its electric properties [35]. Thus, it can be
confirmed that all the components, including fibers, matrix and
interphase, contribute to the enhancement of complex permittivity
for the composites with interphase.

4. Conclusions

BN/SiC dual-layer interphase in SiC¢/SiC composites was
successfully prepared and its microstructure and surface morphol-
ogy were characterized by XRD, Raman spectrum and SEM. The
results show that the BN sub-layer processed by dip-coating and
SiC sub-layer by PIP both have relatively low crystalline degree,
and the SiC layer is carbon excess. Smooth and homogeneous
surface morphology of the dual-layer interphase can be observed
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from SEM images and its thickness is 0.42 pm. Mechanical
measurements results show that the flexural strength and failure
displacement of SiC/SiC composites are improved conspicuously
from 126 MPa and 0.14 mm, respectively, to 272 MPa and
0.26 mm after preparation of BN/SiC dual-layer interphase. The
flexural strength retention of composites with dual-layer inter-
phase is much higher than that of composites with BN interphase
over the oxidation temperature range from 800 to 1000 °C. The
complex permittivity of the composites increases remarkably
from 30—i22 to 45—i32 with the incorporation of dual-layer
interphase, whose real and imaginary parts are associated with
relaxation polarization and conductance losses established in the
components, including fibers, matrix and interphase.
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