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Microstructure, mechanical properties and oxidation resistance of
SiC¢/SiC composites incorporated with boron nitride nanotubes

xab

Guangxiang Zhu,”® Shaoming Dong,**® Dewei Ni,?® Chengying Xu® and Dengke Wang™

SiC¢/BNNTSs-SiC hierarchical composites were fabricated via firstly in situ growth of boron nitride nanotubes (BNNTs) on the
surface of silicon carbide (SiC) fibers using boron powder as raw material and subsequently matrix densification by
chemical vapor infiltration (CVI) and polymer impregnation/pyrolysis (PIP) methods. With the incorporation of BNNTs,
energy dissipation mechanisms at nanoscale triggered by BNNTs such as pullout, debonding, crack deflection and crack
bridging are observed. But the positive effect of BNNTs on mechanical properties has not been raised due to the offset
from the negative effect of pores in composites. Additionally, the residual boron powder results in an improved oxidation
resistance and parabolic oxidation kinetics of SiC;/SiC composites at 900°C, thanks to the protective effect of B,0; glassy
phase formed by oxidation of boron. Consequently, a better strength retention after oxidation is obtained. Moreover, it is
believed that the remained strengthening and toughening mechanisms aroused by BNNTs surviving after oxidation

probably also make a contribution to the better strength retention.

Introduction

Continuous silicon carbide (SiC) fiber reinforced SiC matrix
(SiC¢/SiC) composites have been universally used in aero-
engine hot section components including exhaust cone, flame
stabilizer, nozzle flap etc. due to their excellent properties,
such as outstanding high-temperature strength, high fracture
toughness, good thermal stability and low density.l'3 By
embedding continuous SiC fibers in the monolithic SiC ceramic
matrix, energy dissipation mechanisms can be triggered
including debonding at fiber/matrix interface, crack deflection,
fiber bridging, sliding and pullout and so on, which ensures
that SiC¢/SiC composites exhibit a non-catastrophic failure
mode.} Nonetheless, these energy dissipation mechanisms
merely originate from micron scale fibers. The matrix at
micron scale among fibers cannot be strengthened and
toughened by the above-mentioned mechanisms, thus still
showing a brittle behavior. Such matrix at micron scale are
weak points in SiC¢/SiC composites, of which the mechanical
properties remain to be further improved.

In recent years, the development of one dimensional (1D)
nanoscale reinforcements with extraordinary mechanical
properties such as carbon nanotubes (CNTs) offers an effective
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approach to solve the above-mentioned problem. 1D
nanoscale reinforcements can be introduced into the matrix at
micron scale among micron-diameter fibers.” The existence of
nanoscale reinforcements are expected to arouse additional
energy dissipation mechanisms at nanoscale and improve the
mechanical properties of matrix at micron scale. To avoid the
agglomeration of nanostructures in matrix resulting from
directly dispersion in the precursor,“'5 in situ growing
nanostructures directly on the surface of conventional micro-
scale fibers to build fiber/nanostructures hierarchical (or multi-
scale or hybrid) structures is a favorable method to introduce
nanoscale reinforcements into matrix of composites. And then,
hierarchical composites are fabricated by depositing matrix
into fiber/nanostructures hierarchical structures. To date,
many researchers have reported fiber/CNTs hierarchical
composites with remarkably improved mechanical properties
by CNTs.>? However, CNTs exhibit relatively poor oxidation
resistance and readily oxidize in air above 400"C,10 thus
leading to partial or total malfunction of strengthening and
toughening mechanisms ascribed to CNTs and limiting their
further applications at high temperatures.

As a new kind of advanced 1D nanomaterial, boron nitride
nanotubes (BNNTs) have drawn tremendous attention from
scientists recently by virtue of their remarkable properties.11
On account of structural similarity to CNTs, BNNTs also present
excellent properties such as high elastic modulus, high tensile
strength and high thermal conductivity,“'13 which endows
BNNTs a potential application in composites as nanoscale
reinforcements like CNTs. Moreover, BNNTs show much higher
thermal and chemical stability than CNTs and possess good
oxidation resistance up to 900 C 201 This superiority,
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therefore, makes BNNTs more suitable than CNTs as nanoscale
reinforcements in hierarchical composites for enduring service
at high temperature in oxidizing environment. However, to the
best of our knowledge, until now, almost no studies have been
reported on the subject of fiber/BNNTs hierarchical
composites.

In the present study, we report, for the first time, the
fabrication of SiC fiber/BNNTs hierarchical reinforced SiC
matrix composites (SiC;/BNNTs-SiC) by two steps: firstly in situ
growth of BNNTs on the surface of SiC fibers to build
fiber/BNNTs hierarchical structures, which has been reported
in our previous work,15 and subsequently matrix densification
of hierarchical structures via chemical vapor infiltration (CVI)
and polymer impregnation/pyrolysis (PIP) methods. In this
paper, boron powder was employed as boron source for the
growth of BNNTs. Moreover, it is anticipated that the residual
part of boron powder after the growth of BNNTs can also serve
as boron-bearing species that self-healing composites usually
contain. The boron-bearing species can easily oxidize to form
glassy phase (B,0;) to seal the cracks or pores and hinder the
in-depth diffusion of oxygen, thus giving rise to improved
oxidation resistance at relatively low temperatures (500-1000
C ).2‘16 To confirm the existence of BNNTs in SiC¢/SiC
composites, the morphology, microstructure and chemical
composition of nanoscale reinforcements were studied and
discussed in this paper. What's more, microstructure,
mechanical properties and oxidation resistance of SiC¢/BNNTs-
SiC hierarchical composites were investigated systematically.

Experimental
Synthetic procedures

The fabrication of SiC;/BNNTs-SiC hierarchical composites was
carried out by two steps: (1) At first, in order to build
SiC¢/BNNTs hierarchical structures, BNNTs were in situ grown
on the surface of SiC fibers via a simplified ball milling,
impregnation and annealing method using boron powder as
raw material, as reported in our previous work.™ Herein, SiC
fiber (with an impurity element of oxygen: about 2.5 wt%)
cloths (0/90°) with a size of 7cm x 7cm were adopted for the
synthesis of SiC¢/BNNTs hierarchical structures. Additionally,
previous to in situ growth of BNNTs, pyrolytic carbon/silicon
carbide multilayered interphases (PyC/SiC), (n=3) were
deposited on SiC fiber cloths. PyC interphase accounts for
about 7 wt% of the fiber colths. (2) Subsequently, CVI and PIP
methods were employed to introduce the SiC matrix into the
SiC¢/BNNTs hierarchical structures. The fiber clothes with
BNNTSs in situ grown were stacked, and compressed together
with a volume fraction of fibers of about 40%. Then those
stacked fiber clothes were put into the CVI furnace and the SiC
matrix was deposited into SiC;/BNNTSs hierarchical structures at
the temperature of 1000°C using methyltrichlorosilane (MTS,
CH3SiCl3) and hydrogen (H,) as the precursors with the molar
ratio of H, to MTS of 10. The CVI process was repeated for
several cycles. Then some relatively large pores failing to be
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fully occupied with matrix during the CVI process were further
densified via PIP method, in which polycarbosilane (PCS) was
employed as the precursor of SiC matrix and pyrolyzed at 900
‘C in argon (Ar) atmosphere. Finally, the relatively dense
SiC;/BNNTSs-SiC hierarchical composites were achieved. SiC;/SiC
composites without BNNTs were fabricated via the same CVI
and PIP process as described above for comparison.

Characterization

To investigate the oxidation resistance of composites, static
oxidation test was carried out in a muffle furnace in static air
at 900°C for 40 h. The specimens were put into the furnace
when the furnace was heated up to the desired temperature.
Weight changes of the specimens were measured by an
analytical balance with a sensitivity of £0.01 mg. Bulk density
and open porosity of the composites were measured by
Flexural strength of the composites
before and after oxidation was evaluated by a three-point
bending test with a span of 30mm at a cross head speed of 0.5
mm/min  on bar specimens with the dimension of
2.9mmx5.0mmx45mm. The flexure strength value (o;) was

determined by eqn(l):17

o=3FL/(2bd?)

Archimedes method.

(1)

where F, L, b and d are the load at the fracture point, the span
length, the sample width and the sample thickness,
respectively. In addition, fracture toughness was measured
using single edge notched beam (SENB) method with a span of
30mm on bar specimens with the dimension of
2.9mmx5.0mmx45mm (with a notch of 2.5mm in depth). The

fracture toughness value (K,c) was calculated by eqn(2):4

Kic=(3pl/(2bw*?))[1.93-3.07(a/w)+1.45(a/w)?-25.07(a/w)*+25.8
(a/w)] (2)

where p is the breaking load, | is the span length, b is the
sample thickness, w is the sample width and a is the notch
depth. The above mechanical properties measurements were
carried out on an Instron-5566 universal testing machine. A
small piece of the fiber cloth with BNNTs grown was used for
the morphology characterization of BNNTs via a Hitachi
SU8220 field-emission scanning electron microscopy (FESEM).
To investigate the microstructure of the composites, the
polished cross-sections and fracture surfaces of the
composites were studied by FESEM. A JEM-2100F field
emission transmission electron microscopy (FETEM) was used
the of BNNTs. For
microstructure analysis of BNNTs, a piece of the fiber cloth
with BNNTs grown was ultrasonically vibrated in ethanol for 1-
2h to collect adequate quantity of BNNTs from fibers first.
Then the dispersion solution was dripped onto copper grids
with a holey carbon film for TEM investigations. An x-ray
energy dispersive spectroscopy (EDS) attached to FETEM was

to characterize microstructure

employed to determine chemical composition of BNNTs. The
distributions of different elements in the polished cross-
sections of the composites after oxidation were investigated
via an x-ray EDS attached to FESEM.
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Results and discussion

A simplified ball milling, impregnation and annealing method
was employed to in situ grow BNNTs on the surface of SiC
fibers. The morphology, microstructure and chemical
composition of as-grown BNNTs were exhibited in Fig. 1. It can
be seen that the surface of fiber cloth is utterly encompassed
by BNNTs, obscuring individual fiber within the cloth, as
displayed in Fig. 1a-c. As-grown BNNTs have a length of around
several tens of micrometers and entangle with each other,
appearing to form a thick blanket besieging fibers. As
estimated according to the weight change of fiber cloth before
and after the growth of BNNTs, as-grown BNNTs account for
about 2 wt% of the fiber cloth. The typical TEM images in Fig.
1d and e obviously reveal that BNNTs exhibit a multi-walled
and bamboo-like structure with the average diameter of 30-
160nm. Additionally, almost all the BNNTs apparently possess
the bubble-chain walls, as indicated in Fig. 1d and e. The
formation mechanism of bamboo-like BNNTs with bubble-

ARTICLE

chain walls can be well explained with stress-induced
sequential growth mode in vapor-liquid-solid (VLS)
mechanism, as elaborately discussed in our previous work. "
From the inset in Fig.1e, it can be illustrated that the nanotube
has perfect crystalline structure with clear parallel fringes. The
spacing between the parallel fringes is ~0.335nm, which is in
line with dgy, inter-planar distance of bulk h-BN. The EDS
spectra of the nanotubes shown in Fig. 1f confirms that the
nanotubes are BNNTs according to the strong B and N peaks.
The Fe element is attributable to the steel particles which are
introduced by ball-milling treatment with stainless steel balls
and act as the catalysts for BNNTs growth. The Cu peak derives
from the copper TEM grid and O element may be ascribed to
the surrounding air absorbed on the surface of nanotubes.”
These nanoscale “filaments”, i.e. BNNTSs, are incorporated with
micro-scale SiC fibers to form hierarchical structures, which
are used to fabricate SiCy/BNNTs-SiC hierarchical composites
subsequently.

3

B N

0 Fe
Cu

1Energy(keV5

Intensity(a.u.)

Fig. 1 (a-c) Low-magnification SEM images of BNNTs in situ grown on fiber cloth. (d) and (e) TEM images of bamboo-like BNNTSs.
The inset shows the parallel fringes of nanotubes, between which the spacing is ~¥0.335nm, as labeled in the inset. (f) EDS spectra
of BNNTs. The strong B and N peaks confirm that the nanotubes are BNNTs. The Fe element is attributable to the steel particles
introduced by ball-milling treatment with stainless steel balls. The Cu peak derives from the Cu TEM grid and O element may be
ascribed to the surrounding air absorbed on the surface of nanotubes.

This journal is © The Royal Society of Chemistry 20xx
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After densification by CVI and PIP methods, SiC/SiC
composites and SiC¢/BNNTs-SiC hierarchical composites with
about 1 wt% BNNTSs in situ grown were obtained. The density,
open porosity, flexural strength and fracture toughness of
these two kinds of composites were measured and given in
Table 1. It can be seen that SiC;/BNNTs-SiC hierarchical
composites have an average density of 2.58+0.04 g.cm'3 and
an open porosity of 5.11+1.30 % while 2.69+0.03 g.cm'3 and

ARTICLE

4.22+1.12 % for SiC¢/SiC composites. This result implies that
the incorporation of BNNTSs into SiC;/SiC composites gives rise
to a decline in average density of the composites and
correspondingly open porosity. This
phenomenon is also affirmed by the observation of the
polished cross-sections of the composites, as exhibited in Fig.
2. In Fig. 2a, several relatively small intra-bundle pores are
observed in the fiber bundle of SiC;/SiC composites resulting

an increase in

Table 1 Properties of SiC¢/SiC composites and SiC{/BNNTs-SiC hierarchical composites.

Composites BNNTSs content Density Open porosity Flexural strength Fracture toughness
P (Wt%) (g.cm™) (%) (MPa) (MPam'?)
SiC;/SiC 0 2.69+0.03 4.22+1.12 482.9+45.6 15.5+2.8
SiC;/BNNTSs-SiC 1.0 2.58+0.04 5.11+1.30 442.7+24.8 15.3+1.0

_<— pores

SiC¢/BNNTSs-SiC hierarchical composites. Pores are observed in both two composites, as indicated by white arrows. The inset
shows the enlarged image of the polished cross-section of the fiber bundle in SiC¢/SiC composites.

from the stop of matrix densification when the surface pores
are closed, which is inevitable and an intrinsic flaw of CVI
method.*® However, in this case, although intra-bundle pores
exist, all the fibers are deposited with matrix with the
thickness of at least about 3um, which can be seen in the inset
in Fig. 2a. So the SiC¢/SiC composites are relatively dense with
a lower open porosity compared with the SiC{/BNNTs-SiC
hierarchical composites. On the contrary, in the SiC;/BNNTs-SiC
hierarchical composites, much more and larger intra-bundle
pores are observed in the fiber bundle, as shown in Fig. 2b.
What’s worse, almost all the fibers in the center region of fiber
bundle fail to be deposited with matrix and only the fibers
close to the surface of fiber bundle are densified with matrix.
This phenomenon results in a lower density of the SiC;/BNNTs-
SiC hierarchical composites, which also bothers Manocha et
al® in SiC/C composites incorporated with CNTs. Considering
that the two kinds of composites are fabricated under the
same condition with the same fiber fabric, the only possible
reason for this different densification is the introduction of
BNNTSs in situ grown on the surface of fibers into SiC;/BNNTs-
SiC hierarchical composites. The existence of BNNTs divides
the micro-scale pores into nanoscale ones among fibers.
During CVI process, the nanoscale pores diminish quickly and
can be sealed easily, resulting in an earlier clogging of the pore
channels in the surface region of fiber bundle and therefore
leading to an improper infiltration of matrix in the center

This journal is © The Royal Society of Chemistry 20xx

region.20 In other words, to some extent, BNNTs in situ grown
in the surface region of fiber bundle exacerbate the intrinsic
downside of CVI method as mentioned above. Such large intra-
bundle pores unfilled with enough matrix as structural defects
in SiC¢{/BNNTs-SiC hierarchical composites definitely will pose
stress concentration in the matrix and undermine the effective
load transfer from matrix to fibers. They also will impair the
positive interfacial friction between matrix and fibers during
the fiber pullout. So eventually these structural defects will
give rise to the great decrease of mechanical properties
including strength and toughness. It is in consistence with the
reported results about declined strength of polymer, ceramic
or carbon/carbon composites reinforced by BNNTs or CNTs,Zl'
% which is also ascribed to the lower density and higher
porosity in the composites incorporated with nanotubes.
Nevertheless, by comparing mechanical properties of two
kinds of composites, as listed in Table 1, it can be noticed that
SiC¢/BNNTs-SiC hierarchical composites have an average
flexural strength of 442.7+24.8 MPa, which is only slightly
lower than that of 482.9+45.6 MPa for SiC¢/SiC composites.
What’s more, the average fracture toughness of SiCi/BNNTs-
SiC hierarchical composites is 15.3+1.0 MPamI/Z, which is
almost equivalent to that of 15.5+2.8 MPam*? for SiC¢/SiC
composites. This result as discussed above hints that the
incorporation of BNNTs into SiC¢/SiC composites indeed yields

J. Name., 2013, 00, 1-3 | 4
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a positive effect on the mechanical
composites.

properties of the

To identify the evidence about positive effect of BNNTs on
mechanical properties of the composites, morphologies of the
polished cross-sections and fracture surfaces of SiC;/BNNTs-SiC
hierarchical composites were investigated via FESEM, as
displayed in Fig. 3 and 4. Fig. 3a and b show the low-
magnification SEM images of the polished cross-sections of

ARTICLE

SiC;/BNNTSs-SiC hierarchical composites. It can be found that
space among horizontal and vertical fibers is not fully densified
with matrix, which is in line with the low density of composites
as discussed before. In these areas with an insufficiently
deposited matrix, many apparent micro-scale rods can be
readily observed. The high-magnification SEM image of micro-
scale rods (Fig. 3c) reveals that such micro-scale rods twine
with each other with the diameters of 0.8-1um. These micro-
scale rods are believed to develop from the original nanotubes

==~

_ debonding
N VIR ;
RN

Sy X
Fig. 3 Low-magnification SEM images of the polished cross-sections of SiC¢/BNNTs-SiC hierarchical composites: (a) horizontal and
(b) vertical fibers. High-magnification SEM images of micro-scale rods in the areas with an insufficiently deposited matrix,
showing (c) the overall morphology of micro-scale rods and (d) a broken micro-scale rod with a BNNT inside.

/Y pullouts

Fig. 4 High-magnification SEM images of the fracture surfaces of matrix among fibers in SiC;/BNNTs-SiC hierarchical composites,
showing typical morphology of (a) and (b) the pullouts of BNNTSs, (c) debonding between BNNTs and matrix and (d) crack bridging

by BNNTs.

This journal is © The Royal Society of Chemistry 20xx
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after the subsequent CVI matrix densification process. During
the CVI process, matrix is deposited on the surface of
nanotubes, but fails to be dense. It can be confirmed from a
broken micro-scale rod as shown in Fig.3d, which clearly
displays that there is a BNNT inside the micro-scale rod. The
above result also demonstrates that BNNTs were successfully
introduced into the matrix among fibers. The morphology of
the fracture surfaces of matrix among fibers in SiC;/BNNTs-SiC
hierarchical composites was exhibited in Fig. 4. It can be clearly
seen that BNNTs pull out from matrix, leading to some pores
or slots left in the matrix, as shown in Fig. 4a and b. Fig. 4c
apparently indicates that the interfacial debonding between
BNNTs and matrix occurs in the fracture surface. In addition, it
is believed that crack deflection definitely also happens during
above mentioned pullout and debonding.25 Moreover, from
Fig. 4d, it also can be observed that crack is bridged by a BNNT
with its ends firmly embedded in matrix. It is universally
acknowledged that pullout, debonding, crack deflection and
crack bridging are the major strengthening and toughening
mechanisms for micro-scale fibers reinforced composites. In
our work, such strengthening and toughening mechanisms are
observed as well in the matrix of SiC/SiC composites
incorporated with BNNTs, which are aroused by nanoscale
reinforcements of BNNTs. When the propagating crack
encounters BNNTSs vertical to the propagation direction or with
a certain angle (indicated in Fig. 4 a by arrow 1 and 2,
respectively), the crack is deflected and BNNTs are stretched
across the crack, exhibiting the phenomenon of crack bridging
as shown in Fig. 4d. BNNTs will break when reaching their
critical strain or pull out when reaching the interfacial bonding
strength. These processes will dissipate some fracture
energy.22 In addition, BNNTs parallel to the propagation
direction of crack also deflect the crack and are peeled away
from the matrix after the interfacial debonding, as displayed in
Fig. 4c, which also absorbs some energy.26 These above-
discussed energy dissipation mechanisms at nanoscale
triggered by BNNTs spotlights the evidence that the
incorporation of BNNTs into SiC;/SiC composites is propitious
for improving mechanical properties of the composites.
Merely, the real contribution of BNNTs to mechanical
properties of the composites may be partially offset by the
negative effect of the low density and high porosity. It suggests
that careful consideration is needed for the densification of
hierarchical composites in our further study to avoid above
flaw. There are two possible ways to reduce the porosity of the
hierarchical composites. The first one is to slow down the
deposition rate of SiC matrix during the CVI process by
decreasing the deposition pressure (i.e. the concentration of
precursors in the CVI furnace) or temperature so that the
nanoscale pore channels in the surface region of fiber bundle
will not be clogged too early. In this case, more time for the
matrix deposition in the center region of fiber bundle is
obtained. This method is a widely-used way to relieve the
above-mentioned intrinsic flaw of CVI process. The other
approach to increase the density and decrease the porosity of
the hierarchical composites is using polymer
impregnation/pyrolysis (PIP) method to introduce SiC matrix

This journal is © The Royal Society of Chemistry 20xx

into the center region of fiber bundle. The PIP method used in
this paper is only for the densification of some relatively large
pores among fiber bundles, as mentioned in the experimental
section. When it is adopted for the densification of the center
region of fiber bundle, the capillary force from the nanoscale
pores channels will be beneficial for the polymer precursor
infiltration into the fiber bundle, thus being good for reducing
the porosity.

On the other hand, as exhibited in Fig. 4b, the pullouts of
BNNTs vertical to the fracture surface are very short, which
may limit the toughening effect arising from the interfacial
friction during the pullout. According to the results reported by
Wang et al”® and Tatarko et ¢:ll.,27 a rather strong interface
bonding, which originates from chemical reaction between
matrix and the reinforcement phase, may be responsible for
the short pullout length. However, given that BNNTs are
chemically stable and the surfaces of BNNTs pulling out or
debonding from matrix (as indicated in Fig. 4a and g,
respectively) are very smooth without adhered matrix, this
explanation can’t hold water for our study. In fact, as discussed
before about the microstructure of BNNTs, almost all the
BNNTs have the bubble-chain walls with obvious periodical
knots. These knots can act as structural anchors and cause
mechanical interlocking between the matrix and BNNTSs, thus
resulting in strong interface bonding and short pullout length.
It also has been found in ceramic or mental reinforced by
bamboo-like CNTs or SiC nanowires with obvious knots.?®?’
Additionally, unlike cylindrical nanotubes, bamboo-like BNNTs
prefer to break at the inner joints due to the discontinuity of
the Iattice,27‘30 as affirmed in Fig. 4b, which also brings about
short pullout length.

To evaluate the oxidation resistance of SiC¢/SiC composites
and SiC{/BNNTs-SiC hierarchical composites, static oxidation
test was conducted at 900°C for 40 h. Fig. 5a and b show the
overall morphologies of the polished cross-sections of the
composites after oxidation. By comparison with that before
oxidation as displayed in Fig. 2, it can be found that after
oxidation fibers and intra-bundle matrix of SiC/SiC composites
seem to be fragmented. Clear comparisons about high-
magnification SEM images of the fiber bundle in SiC/SiC
composites before and after static oxidation are exhibited in
Fig. 5c-f. Before oxidation, the polished cross-section is smooth
and multilayered interphases (PyC/SiC), (n=3) are intact, as
shown in Fig. 5¢c and e. After oxidation, it can be seen from Fig.
5d that the polished cross-section is bumpy and a lot of
annular slots appear circumferential to fibers in SiC¢/SiC
composites. Fig. 5f obviously reveals that these slots arise from
the disappearance of oxidized PyC interphase. However, by
contrast, no significant distinction about the overall
morphology of the polished cross-sections of SiC{/BNNTs-SiC
hierarchical composites before and after oxidation can be
observed from Fig. 2b and Fig. 5b. Only PyC interphase close to
the crack that is the diffusion channel of oxygen into fiber
bundles is oxidized and multilayered interphases are partly
broken, as indicated by white arrows in the inset in Fig. 5b. The
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Fig. 5 Low-magnification SEM images of the polished cross-sections of (a) SiC/SiC composites and (b) SiC;/BNNTs-SiC hierarchical
composites after static oxidation at 900°C for 40h. The enlarged view of fibers near the crack is inserted in the right image. High-
magnification SEM images of the fiber bundle in SiC/SiC composites: (b) and (d) before and (c) and (e) after oxidation.

above result infers that SiC{/BNNTSs-SiC hierarchical composites
have a better oxidation resistance than SiC/SiC composites. To
pin down the oxidation kinetics of the composites, the weight
losses of composites as a function of oxidation time were
recorded. From the experimental data (square dots) and
corresponding fitting curves (red lines) of the weight losses of
composites as depicted in Fig. 6, it can be seen that the weight
loss of SiC;/SiC composites increases linearly with respect to
the oxidation time while that of SiCi/BNNTs-SiC hierarchical
composites exhibits a parabolic behavior. As discussed above,
the disappearance of oxidized PyC interphase is responsible for
the weight losses of composites. In this paper, it can be
estimated that PyC interphase accounts for about 2.5 wt% of
the composites. After oxidation at 900°C for 40h, the weight
loss of SiC¢/SiC composites reaches 0.47 wt% while that of
SiCf/BNNTSs-SiC hierarchical composites is only 0.37 wt%. The
PyC interphase is oxidized above 400°C, of which the key steps
are given as follows: (1) Diffusion of oxygen to PyC interphase.
(2) Chemical reaction between oxygen and PyC interphase. (3)
Diffusion of the products CO and/or CO, away from PyC
interphase.31 The oxidation behavior of PyC interphase in

This journal is © The Royal Society of Chemistry 20xx

SiC¢/SiC composites can be described by linear-parabolic
kinetics:*?

X[y +x/Ky =t 3)
where x is the recession distance, t is the oxidation time, k; is
the parabolic rate constant and k; is the linear rate constant. In
eqn(3), the first part is related to the diffusion of oxygen and
the second one is concerned with the carbon and oxygen
reaction. When the diffusion of oxygen to PyC interphase is
very easy through the cracks or pores, the interior has a high
concentration of oxygen and the oxidation reaction is nearly
uniform. Namely, in this case k; is higher than k; and the first
part can be ignored.sz’33 The oxidation of PyC interphase is a
reaction-controlled process and corresponds to linear kinetics,
as shown in Fig. 6a. On the contrary, when the diffusion of
oxygen is hindered, there is a starvation for oxygen in the
interior and the oxidation reaction only occurs near the
outside surface where oxygen is abundant. So k; is smaller
than k; and the oxidation of PyC interphase is a diffusion-
controlled process, exhibiting a parabolic behavior, as affirmed
in Fig. 6b. From above discussion, it can be demonstrated that
the diffusion of oxygen in SiC{/BNNTs-SiC hierarchical
composites is blocked to a great extent. Additionally, it needs

J. Name., 2013, 00, 1-3 | 7
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Fig. 6 Weight losses of (a) SiC;/SiC composites and (b) SiC{/BNNTs-SiC hierarchical composites as a function of time oxidized in
static air at 900°C for 40h: experimental data (square dots) and fitting curves (red lines). The curve-fitting equations and
corresponding coefficients of determination (RZ) are given in the figures.

Fig. 7 (a) SEM image of the polished cross-section of SiC/BNNTs-SiC hierarchical composites after oxidation, along with
corresponding (b-e) EDS elemental mapping images of O, B, Si and C. O element aggregation is observed in the area where B

element is located.

Fig. 8 (a) SEM image of the polished cross-section of SiC/SiC composites after oxidation, along with corresponding (b-d) EDS
elemental mapping images of O, Si and C. O element is mainly distributed in the fibers.

to be especially clarified that the above explanation is based
on the assumption that the oxidation of SiC at 900°C can be

. . . . 32,34
neglected due to its low passive oxidation rate. However,

This journal is © The Royal Society of Chemistry 20xx

in fact it can’t be ignored especially when long oxidation time

such as several tens of hours is concerned.

3537 The formation

of silica from the passive oxidation of SiC can result in the
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weight gain of composites and narrow the cracks, thus giving
rise to a decreasing weight loss and a tendency of transition of
oxidation behavior from linear to parabolic kinetics. A slight
sign of this phenomenon can be observed from experimental
data in Fig. 6a. But the influence of this phenomenon is limited

ARTICLE

because the amount of silica is relatively small and the cracks
are not completely but slightly narrowed.*3*% Hence,
extremely clear parabolic oxidation kinetics of SiC{/BNNTs-SiC
hierarchical composites should be attributed to some other
mechanisms.
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Fig. 9 EDS elemental line scan profiles of the polished cross-sections of (a) and (b) SiC{/BNNTs-SiC hierarchical composites and (c)
and (d) SiC¢/SiC composites after oxidation. The positions of SiC matrix, multilayered interphases (PyC/SiC), (n=3), boron powder
and SiC fiber before oxidation are depicted in the two images on the right.

To develop a comprehensive understanding of the
mechanism of oxidation resistance, the distributions of
different elements in the fiber bundle after oxidation were
investigated by EDS. Fig. 7 and Fig. 8 show the SEM images of
the polished cross-sections of SiCi/BNNTs-SiC hierarchical
composites and SiC¢/SiC composites after oxidation, along with
corresponding EDS elemental mapping images of O, B, Si and
C. The Si and C elemental mapping images are in good
agreement with the distributions of SiC matrix and fibers in
both composites. Additionally, it can be seen from Fig. 7e that
the concentration of C element circumferential to fibers in
SiC¢/BNNTSs-SiC hierarchical composites is relatively high, which
is hardly found in SiC¢/SiC composites from Fig. 8d. Such
relatively high concentration of C element is ascribed to the
PyC interphase surviving after oxidation. Moreover, as shown
in Fig. 7b and c, O element aggregation is observed near the
outside surface of the fiber bundle, especially in the area
where B element is located, inferring that the glassy phase
(B,03) is produced by the reaction of oxygen and boron
powder in such area.”*® This glassy phase has a low viscosity at
900°C and can seal the diffusion channel of oxygen further
into the fiber bundle in some degree.16 So the concentration of
O element in the interior of the fiber bundle is relatively low.
By contrast, in SiC¢/SiC composites O element diffuses into the
fiber bundle very easily, thus inducing the oxidation of the PyC
interphase and even the fibers. Consequently, oxygen is mainly
distributed in the fibers as exhibited in Fig. 8b. In fact, SiC
fibers cannot be oxidized completely because of their low
passive oxidation rate at 900°C. So precisely speaking, O

This journal is © The Royal Society of Chemistry 20xx

element diffusing from the exterior should be distributed in
the silica layer at the edges of fibers. O element in the center
of the fiber is regarded as an inevitable impurity element that
as-received SiC fibers often contain. Further investigation on
the distributions of different elements from the matrix to the
fiber after oxidation were also conducted by EDS. Fig. 9 shows
EDS elemental line scan profiles of the polished cross-sections
of SiC//BNNTs-SiC hierarchical composites and SiC;/SiC
composites after oxidation. Apparently, it can be noticed from
Fig. 9a and b that in SiC;/BNNTs-SiC hierarchical composites O
element is mainly distributed outside the multilayered
interphases (PyC/SiC), (n=3) where the residual boron powder
is situated. It implies that oxygen is blocked outside the
multilayered interphases and the fiber by the oxidation of the
residual boron powder, from which the glassy phase (B,03)
with a low viscosity can seal the diffusion channel of oxygen.
Hence, from the multilayered interphases to the fiber, almost
no oxygen can be found. The PyC interphase succeeds to
survive after oxidation for 40h at 900°C, as affirmed by the
three peaks of C concentration curve in Fig. 9b corresponding
to three layers of PyC interphases. On the contrary, O element
is detected in the multilayered interphases and even the fiber
in SiC¢/SiC composites, as revealed in Fig. 9c and d. At the
positions where three layers of PyC interphases are located, no
peaks of C concentration curve can be observed. Moreover,
the concentration of O element in the fiber is obviously higher
than that in the matrix, which is not observed in SiC;/BNNTs-
SiC hierarchical composites (Fig. 9b). It gives the evidence that
because of no obstruction to the diffusion of oxygen towards

J. Name., 2013, 00, 1-3 | 9
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the multilayered interphases, the PyC interphase is easily
oxidized and even eventually O element also diffuses into the
fiber. The above analysis of EDS results demonstrates that the
anticipation that after the growth of BNNTSs the residual boron
powder besieging the multilayered interphases can hinder the
in-depth diffusion of oxygen towards the PyC interphases by
oxidizing to form glassy phase (B,03) is realized, which is
considered to be responsible for better oxidation resistance
and parabolic oxidation kinetics of SiC¢/BNNTs-SiC hierarchical
composites at 900°C for 40h.

Table 2 Flexural strength and strength retention of SiC/SiC
composites and SiC{/BNNTs-SiC hierarchical composites before
and after oxidation in static air at 900°C for 40h.

. BNNTs Flexural strength (MPa) Strength
Composit tent tenti
os con Den Before After re eon ion
(wt%e) oxidation oxidation (%)
482.9145.
SiC¢/SiC 0 6 424.4+50.4 87.8
SiC;/BNN 442.7+24.
il 1.0 419.1#34.0  94.7
Ts-SiC 8

Fig. 10 High-magnification SEM image of the fracture surface
of matrix among fibers in SiC/BNNTs-SiC hierarchical
composites after oxidation, showing typical morphology of the
pullouts of BNNTSs.

The flexural strength and strength retention of SiCi/SiC
composites and SiC¢/BNNTs-SiC hierarchical composites after
oxidation in static air at 900°C for 40h were also evaluated and
summarized in Table 2. After oxidation, the flexural strength of
SiC¢/BNNTs-SiC  hierarchical composites declines from
442.7+24.8 MPa to 419.1+34.0 MPa while from 482.9+45.6
MPa to 424.4+50.4 MPa for SiC¢/SiC composites. By comparing
the strength retentions of two composites, it can be found that
after oxidation SiC;/BNNTs-SiC hierarchical composites can
retain 94.7% of the initial flexural strength while only 87.8%
for SiC¢/SiC composites. No doubt that it is the direct reflection
of improved oxidation resistance of SiC¢/BNNTs-SiC hierarchical
composites thanks to the residual boron powder that ensures
that little PyC interphase is oxidized for 40h at 900°C. Fig. 10
shows the morphology of the fracture surface of matrix among
fibers in SiC{/BNNTs-SiC hierarchical composites after
oxidation. The pullouts of BNNTs clearly can be seen in the
matrix, as indicated by white arrows in Fig. 10. It infers that
BNNTs in composites succeed to survive after oxidation and

This journal is © The Royal Society of Chemistry 20xx

still can play a role as nanoscale reinforcements to bring about
strengthening and toughening mechanisms at nanoscale in
SiC;/BNNTSs-SiC hierarchical composites. So it is believed that
the surviving BNNTs in composites probably also make a
contribution to the better strength retention after oxidation.

Conclusions

SiC;/BNNTs-SiC hierarchical composites were fabricated via
firstly in situ growth of BNNTs on the surface of SiC fibers and
subsequently matrix densification via CVI and PIP methods.
The as-grown BNNTs utterly encompass the fiber cloth and
exhibit a multi-walled and bamboo-like structure with an
average diameter of 30-160nm and a length of several tens of
micrometers. In addition, almost all the BNNTs apparently
possess the bubble-chain walls. BNNTs in SiC¢/SiC composites
divide the micro-scale pores into nanoscale ones among fibers.
Due to an earlier clogging of these nanoscale pore channels
and thus an improper infiltration of matrix during CVI process,
the incorporation of BNNTSs into SiC;/SiC composites gives rise
to a decline in density of composites and correspondingly an
increase in open porosity. However, even with these
insufficient filled pores as structural defects, flexural strength
of the SiC;/BNNTs-SiC hierarchical composites is only slightly
undermined while fracture toughness displays almost no
decrease. Pullout, debonding, crack deflection and crack
bridging attributed to BNNTs are observed, which are
considered as energy dissipation mechanisms at nanoscale
triggered by nanoscale reinforcements. It verifies the positive
effect of BNNTs on the mechanical properties of the
composites. Additionally, SiC;/BNNTs-SiC hierarchical
composites achieve an improved oxidation resistance and
parabolic oxidation kinetics at 900°C for 40h. It is attributable
to the mechanism that after the growth of BNNTs the residual
boron powder besieging the multilayered interphases can
hinder the in-depth diffusion of oxygen towards the PyC
interphases by oxidizing to form glassy phase (B,0;).
Moreover, SiC{/BNNTs-SiC hierarchical composites possess a
better strength retention after oxidation. This is believed to
not only be the direct reflection of improved oxidation
resistance thanks to the residual boron powder but also
benefit from the remained strengthening and toughening
mechanisms aroused by BNNTs surviving after oxidation.
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