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Micro-mechanical properties of a novel silicon
nitride fiber reinforced silicon carbide matrix
composite via in situ nano-indentation method

Xun Sun, Ru Jiang, Haitao Liu{®* and Haifeng Cheng

A novel SizN,4 fiber reinforced SiC matrix composite has been prepared and the micro-mechanical
properties of the composites in situ have been explored. For the SizN,4 fibers, the micro-mechanical
properties in situ remained almost unchanged with the increasing fabrication temperatures. In
comparison, for the PCS derived SiC matrix, higher fabrication temperature could trigger more B-SiC
formations, which led to enlarging the corresponding micro-mechanical properties. The microstructure
analysis of the interfacial zones in the composites revealed strong interfacial reactions existing in the
composites fabricated at =800 °C. Therefore, the interfacial shear strength of the composite was
significantly increased from ~420 MPa to ~535 MPa with the fabrication temperature increasing from
800 °C to 1200 °C, thus impeding the toughening mechanisms of the composites. After introducing BN
interphase, the interfacial shear strength was significantly reduced to ~140 MPa and the flexural strength
was increased from ~140 MPa to ~250 MPa. The work highlights the efficiency of introducing BN

rsc.li/rsc-advances

1 Introduction

The silicon carbide (SiC) ceramic has excellent mechanical
strength at elevated temperature, high oxidation resistance, and
high thermal conductivity, etc.'” In addition, owing to the
excellent semiconductivity and relatively stable dielectric
properties at elevated temperature, SiC can be extended to the
potential application for microwave absorption materials at
high temperature.®” However, due to the inherent brittle failure
behavior of monolithic SiC ceramic, it has been gradually
substituted by ceramic fibers reinforced SiC matrix composites,
like C¢/SiC, SiC¢/SiC and SizN,¢/SiC composites, which can
significantly improve the toughness of monolithic SiC
ceramic.®*** Among these fiber reinforcements, Siz;N, fiber,
owing to its high oxidation resistance and superior electrical
insulating property at elevated temperature, is an optimal
candidate for the reinforcement of SiC matrix composites in the
application for microwave absorption materials.”>** However,
to the best of our knowledge, the systematic mechanical prop-
erties of the Si;N,¢/SiC composites have been rarely reported in
detail.

Motivated by this, the mechanical properties of the Si;N,¢/
SiC composites fabricated at different temperatures were
investigated, including micro- and macro- mechanical proper-
ties. The macro-mechanical properties of ceramic fiber
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interphase to weaken the interfacial interaction, thus to enhance the macro-mechanical properties.

reinforced ceramic matrix composites (CFRCMCs), like flexural
strength and fracture toughness, can be easily obtained through
the testing standards." However, due to the test method limi-
tations, the micro-mechanical properties in situ, like the
Young's modulus and the fracture toughness of both fiber and
matrix, the interfacial shear strength of the fiber/matrix inter-
face, have been barely reported systematically. As is well-known,
since the mechanical property of the composites in a micro
scale has significant effect on the ultimate strength of the
composites, it is critical to study fundamentally the micro-
mechanical property in situ. Fortunately, benefited from the
development of the instrumented micro-mechanical testing
methods like nanoindentation,'** fiber push-in/push-out,**>*
micropillar splitting method,***” etc., the micro-mechanical
properties in situ can be achieved. For example, the Young's
modulus and hardness of the ceramic matrix and the ceramic
fiber can be quantified by the nanoindentation method; the
interfacial shear strength can be measured based on the fiber-
push-in/push-out methods.

In addition, due to the predictably interface reactions at the
fiber/matrix interface during high-temperature fabrication
process (=800 °C), the Si;N,¢/SiC composites can be very brittle,
which may lead to catastrophic failures when they are sustained
complex stress states.*® By using proper interphase, the inter-
facial interaction in the composites can be effectively weakened,
thus a typical toughening mechanism, crack deflection at
interface, can be triggered. BN interphase with low dielectric
constant characteristics, as a widely-used interphase material
for ceramic matrix composites was introduced into the SizN,¢/
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SiC composites to weaken the interfacial bonding and thus
develop the toughness of the composites.***° Consequently, first
of all this work contributed to explore the in situ micro-
mechanical properties of the Si;N,¢/SiC composites without
and with BN interphase in detail. Moreover, the macro-
mechanical properties of the composites were measured.

2 Experimental

2.1 Materials preparation

A KD-SN type Si3N, fiber preform (provided by our own labora-
tory) was chosen as reinforcements of the SizN,¢/SiC composites.
The correlated microstructure changes have been reported in our
previous report. The SizN,¢/SiC composite was fabricated by
conventional precursor infiltration and pyrolysis (PIP) process,
using polycarbosilane (PCS, from our own laboratory) as matrix
precursor. Three SizN,¢/SiC composites were fabricated finally,
labeled SizN4/SiC-800 °C, SizN,¢/SiC-1000 °C, Si;N,¢/SiC-1200 °C,
representing SizN,¢/SiC fabricated at 800 °C, 1000 °C and 1200 °C
respectively. More than 15 cycles were performed to obtain
a relatively dense microstructure of matrix. This was signified by
<1% weight increase of the composite during the subsequent PIP
cycles. The BN coatings were prepared on the fiber bundles by
chemical vapor deposition (CVD) method prior to the matrix
fabrication. Borazine was used as precursors for the BN deposi-
tion. The deposition was performed at low pressure (1 kPa) and
moderate temperature (1100 °C).

2.2 Materials microstructure characterization

The morphology of these composites were observed by scanning
electron microscopy (SEM, Hitachi FEG S4800). The phase
composition of these composites was observed by by X-ray
diffraction (XRD) analysis using a D8 ADVANCE diffractom-
eter (Bruker, Germany). Microstructures of the SiC matrix and
the interfacial microstructures of the composites were per-
formed using an FEI Tecnai F20 transmission electron micro-
scope operating at 200 kV. The TEM of the interfacial
microstructures specimens were prepared by a milling-and-
lifting out process inside a focused ion beam (FIB) system
(FEI Helios 600i).

2.3 Mechanical property characterization

Instrumented nanoindentation test was conducted on the
individual Si;N, fiber and SiC matrix on a finely polished cross-
section of the SizN,/SiC composite, employing a Berkovich
diamond indenter (Keysight G200) to measure the Young's
modulus and the hardness of each component versus the
indenter depth using the continuous stiffness measurement
(CSM) method.?* The load rate was 30 mN s~ '. Similarly, the in
situ fracture toughness of the SiC matrix on the cross-section of
the SizN4¢/SiC composite was measured using the same dia-
mond indenter. The only difference was that the load in the
fracture toughness test was much higher than in the common
nanoindentation test. The in situ fracture toughness of the SizN,
fiber was measured using micropillar splitting test which has
been reported in our previous study.*
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The interfacial shear strength of the composites was quan-
tified by instrumented fiber push-in tests inside the Keysight
G200 nano-mechanical testing system. A 5 um flat diamond
punch was used to apply the external force, which was strictly
parallel to the interface. The displacement rate was 30 nm s~ *
and the maximum depth 2 pm. At least 10 fibers were selected to
perform the tests, until reproducible results were obtained. The
flexural strength of the SizN,/SiC and the SizN4/BN/SiC
composites was obtained by the three-point bend (TPB) tech-
niques inside an Instron 1342 Universal Testing Machine,
according to ASTM D790.

3 Results and discussions
3.1 Microstructure analysis of the SizN,¢/SiC composite

The cross-sectional morphology of the SizN,¢/SiC-800 °C, SizNy/
SiC-1000 °C, SizN4/SiC-1200 °C was shown in Fig. 1. As ex-
pected, the fibers with a diameter of ~12 pm was compactly
bridged by dense SiC matrix, with only a few pores observed in
the selected region.

The phase composition of the composites was investigated
by XRD analysis, as shown in Fig. 2. It was obviously found that
there was mainly composed of SiC phase in the XRD patterns
due to the better crystallinity of the SiC matrix than the Si;N,
fiber in the same fabrication temperature. In our previous
study, the Si;N, fiber can still remain amorphous until the
temperature was increased up to 1200 °C. With the rise of
temperature, the main diffraction peaks at 36° and 60° respec-
tively corresponding to (111) and (220) planes of B-SiC became
increasingly apparent, which indicated that for the PCS derived
SiC matrix, higher temperature could trigger more B-SiC
formations. The pyrolytic process of the PCS could be explained

Fig. 1 Cross-sectional images of SizN4¢/SiC composites fabricated at
different temperatures.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 XRD patterns of SizN4/SiC composites fabricated at different
temperatures.

as below: when the fabrication temperature was at 800 °C, the
pyrolysis product of PCS remaining amorphous was the
homogeneous inorganic substance, including amorphous SiC
and Si-O-C structure. With the fabrication temperature up to
1000 °C, the decomposition of Si-O-C structure and the crys-
tallization of the amorphous SiC resulted in the formation of
the SiC crystallite. It was proved by the TEM analysis of the SiC
matrix as shown in Fig. 3. The high resolution and selected area
electronic diffraction (SAED) analysis revealed the amorphous

Fig. 3 TEM analysis of SiC matrix fabricated at different temperatures.
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nature of the SiC matrix at 800 °C. When the fabrication
temperature was increased up to 1000 °C or above, the SAED
ring became more and more distinct and further addressed the
stronger diffractions of (111) and (220) crystalline planes of SiC
matrix at higher fabrication temperatures.

The cross-sectional TEM images of interfacial zones in the
Si3N,¢/SiC-800 °C composite were shown in Fig. 4. As expected,
the SizN, fiber was amorphous, even after the harsh PIP process.
It was obviously observed an interphase with the thickness of
~20 nm was formed in the fiber/matrix interface. The EDS
analysis in Fig. 4(c) revealed the interphase was mainly
composed of Si and O elements, which indicated a formation of
SiO, phase at the fiber/matrix interface. This thin interphase
was mainly resulted from the potential interfacial reactions
between the two phases at =800 °C. In our previous work, the
oxygen group of the Si;N, fiber was mainly distributed on the
fiber surface.” Therefore, this SiO, interphase was possibly
a reaction product of the oxygen group of the SizN, fiber with
the —-Si—O-Si- group of the PCS at the fabrication temperature =
800 °C.**** The potential interfacial reactions are as follows:

=Si-H + O —» =Si-OH
2=Si-OH — Si-O-O-Si= + H,0

Hence, the fiber/matrix interface in the Siz;N,¢/SiC composite
was reaction-controlled at the fabrication temperature =
800 °C, which would result in strong interfacial reactions.

The strong interfacial reaction in the SizN,¢/SiC composite
can be effectively eliminated by depositing BN interphase on the

~
)
N’
=
=]
T

Atomic concentration (%)

0 30 60 90 120 150

Displacement (nm)

Fig. 4 (a and b) Interfacial zone analysis of the SizN4¢/SiC-800 °C
composite; (c) EDS analysis of the red dashed line in (b).
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fiber surface via chemical vapor deposition (CVD). The cross-
sectional morphology of the SizN,¢/SiC-800 °C composite with
BN interphase was shown in Fig. 5. The interphase with
~400 nm was uniformly deposited around the fibers.

The cross-sectional TEM images of interfacial zones in
Si3N,¢/SiC-800 °C composite with BN interphase were shown in
Fig. 6. The high resolution TEM (HR-TEM) and selected area
electronic diffraction (SAED) of the BN interphase in Fig. 6(d)
indicated the interphase was in graphite-like structure with
a short range of crystallinity being on atomic scale, implying the
favorable cracks deflection when matrix cracks spread to the
interphase. It was obviously found the fiber/interphase/matrix
interfaces were chemical sharp, indicating the potential inter-
facial reactions that occurred in the SizN,¢/SiC composite can be
effectively prevented by introducing BN interphase.

3.2 Young's modulus and hardness of the fiber and matrix

The Young's modulus and hardness of the fiber and matrix were
measured by nano-indentation instrument based on Oliver &
Pharr method. The fabrication-temperature dependent Young's
modulus and hardness of the fiber and matrix in the Si;N,¢/SiC
composites versus indentation depth were showed in Fig. 7. The
data fluctuation in the initial displacement of ~50 nm was
resulted from the contact between the sample and the indenter.
Up to a depth of 50-300 nm, the Young's modulus and hardness
of both constituents showed independent on the indentation
depth. The measured Young's modulus and hardness were listed
in Table 1. The Young's modulus and the hardness of the fiber at
800-1200 °C were leveled ~165 GPa and ~16 GPa, respectively,
which were independent of the fabrication temperature. It was
mainly a consequence of the structure stability of the Si;N, fiber
at this temperature interval. In comparison, the increasing
fabrication temperature from 800 °C to 1200 °C resulted in the
significant enhancements of the Young's modulus from
~143 GPa to ~213 GPa and the hardness from ~14 GPa to
~21 GPa for the SiC matrix, indicating the strong effect of the
composite fabrication temperature on the mechanical property
of the SiC matrix. This was expected since the matrix was ex-
pected to have a higher ratio of the B-SiC than the «-SiC at higher
fabrication temperatures. Since the Young's modulus of B-SiC is
much higher than that of the «-SiC, the stiffer and stronger SiC
matrix obtained at higher temperatures should be mainly
attributed to the higher content $-SiC formations.**?*

Fig. 5 (a) Cross-sectional image of the SizN4¢/SiC-800 °C composite
with BN interphase; (b) partial enlarged drawing of the cross-sectional
image.
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Fig.6 Interfacial zone image of the SizN,4/SiC-800 °C composite with
BN interphase: (a) partial enlarged drawing of the interfacial zone
image; (b) HR-TEM and SAED of the SiC matrix; (c) HR-TEM of the
matrix/interphase interface; (d) HR-TEM and SAED of the BN inter-
phase; (e) HR-TEM of the interphase/fiber interface; (f) HR-TEM and
SAED of the SizNy fiber.

3.3 Fracture toughness of the fiber and matrix

The fracture toughness of the SiC matrix was measured by nano-
indentation with a cube-corned diamond indenter to generate
indents inside the SiC matrix fabricated at different tempera-
tures. The specific experimental process was similar with the
above conventional nano-indentation tests. This indentation
test needed higher load to generate cracks from the center of the
indents. The fracture toughness of the matrix was estimated
from the nano-indentation method and typical LEM (Lawn-—
Evans-Marshall) eqn (1).*”

E Pmax
KIc:a\/ﬁ(Cm) [1)

This journal is © The Royal Society of Chemistry 2019
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Fig.7 (a and b) Young's modulus and hardness of the fiber at different

temperatures; (c and d) Young's modulus and hardness of the matrix at
different temperatures.

Table 1 Young's modulus and hardness of the fiber and matrix

Young's modulus (GPa) Hardness (GPa)

T (°C) Fiber Matrix Fiber Matrix

800 162.1 + 8.6 143.7 £ 7.9 15.3 £ 2.2 14.1 + 1.6
1000 165.2 + 8.2 191.2 + 8.6 16.7 + 1.3 19.6 = 2.9
1200 171.5 £ 9.7 213.9 + 8.9 17.3 £ 1.5 21.7 £ 1.1

where E was the elastic modulus, H was the hardness, P, was
the maximum load applied to the matrix, c was the length of the
crack path from the center of the indents and o was an
empirically determined calibration constant, taken as 0.016.

This test set ~600 mN as the maximum load on the matrix in
order to generate distinct cracks. The corresponding load-
displacement curves and indentation morphology of the SiC
matrix after indentation tests were shown in Fig. 8. It was clearly
observed that the cracks were formed from the center of the
indents. With the temperature increased from 800 °C to
1200 °C, the crack length turned into short. The estimated
fracture toughness values are summarised in Table 2, which
increased from ~1.03 MPa m"? at 800 °C to ~1.38 MPa m"” at
1200 °C, which should be mainly a consequence of the higher
crystalline degree of the SiC with more contents of B-SiC at
higher fabrication temperatures.

The fracture toughness of the Si;N, fiber was measured by
the micropillar splitting method due to the fibers with dimen-
sions generally =12 pm. The detailed testing principles has
been reported in our previous study. The acquired experimental
load-displacement curves of the fibers were shown in Fig. 9(a).
It was obviously observed that the curves displayed typical
traces of elastic deformation until brittle failure of the micro-
pillar when the critical load P. was reached. A typically as-
fabricated micropillar out of the Siz;N, fiber in the cross-
section of the composite before and after tests was shown in
Fig. 9(b and c). The diameter and height of the micropillars were
both 3 pum. The fracture toughness of the fibers at different

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Representative load-displacement loading and unloading
curves for the SiC matrix inside the composites under a maximum
indenting load of 600 mN: (a) 800 °C; (b) 1000 °C; (c) 1200 °C.

Table 2 Fracture toughness of the SiC matrix by indentation method

T (°C) Crack length (um) Fracture toughness (MPa m*/?)
800 11.68 1.03 + 0.04
1000 8.58 1.21 £ 0.06
1200 7.81 1.38 + 0.07

fabrication temperatures was estimated from eqn (2) by ref 26
and 27:

Pc
Kic =745 (2)

Here, R is the micropillar radius; ¥ depends on the micropillar
size, the material properties and the tip geometry, and has been
determined as 0.35 based on our previous work. The fracture
toughness of the fibers from 800 °C to 1200 °C was close to
2.0 MPa m"? as listed in Table 3. This is expected due to the
high fabrication temperature of these Si;N, fibers (>1300 °C)
that the microstructure is almost independent of the composite
fabrication temperatures in the temperature range of 800-
1200 °C.

3.4 Interfacial shear strength of the fiber/matrix interface

The shear property of the fiber/matrix interface in the SizN,¢/SiC
composites with and without BN interphase was quantified by

RSC Adv., 2019, 9, 26373-26380 | 26377
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Fig. 9 (a) Representative load—displacement curves for SizN4 fiber
micropillars inside the composites; (b) the micropillar morphology
before indenting; (c) the micropillar morphology after indenting.

Table 3 Fracture toughness of the SizN, fiber by micropillar splitting
method

Fracture toughness

TC)  R(m)  P(mN) v (MPa m*?)
800 1.5 11.83 0.35 2.08 £ 0.06
1000 10.46 2.01 £ 0.07
1200 10.28 1.99 + 0.05

fiber push-in test. The typical push-in test involves pushing the
vertical aligned Si;N, fibers with a flat diamond punch until the
interface failure, as shown in Fig. 10(b and c). Based on the
obtained push-in load-displacement curves in Fig. 10(a), the
interfacial shear strength, 7, can be calculated by eqn (3):

(a) 700
e 800C
600 - —-1000C
e 1200C
s00 - 800°C with
BN interphase
Z anf
&
ki
g 300f
=
7
200 Fd
y
100 - 7
2
7
Y,
Py L L L s L

0 200 400 600 800 1000 1200 1400 1600
Displacement (nm)

Interfacial
failure

Fig. 10 (a) Fiber push-in tests for the SizN4¢/SiC composites with and
without BN interphase; fiber morphology after push-in tests: (b)
without interphase; (c) with interphase.
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Here, S, is the stiffness of the initial linear regime and P the
critical load leading to the interfacial cracking. E¢ is the Young's
modulus of Si;N, fiber based on Section 3.2. R is the radius of
the fiber, 6.5 um. Inputting the corresponding values yielded
the interfacial shear strength as listed in Fig. 11. The interfacial
shear strength of the Si;N,;¢/SiC-800 °C with interphase (~140
MPa) was significantly lower than the Si;N,¢/SiC composites
(~420 MPa), which indicated the BN interphase could tailor the
interface bondings.

3.5 Macro-mechanical property of the Si;N,¢/SiC composites

The macro-mechanical properties of the Si;N,¢/SiC composite
with and without BN interphase that are mainly dominated by
the measured micro-mechanical properties of the Si;N, fiber,
the SiC matrix and the fiber/matrix interface were quantified
here by the macro three-point bend tests. The typical stress—
displacement curves of the composites were showed in Fig. 12.
The curve of the SizN,¢/SiC composites without BN interphase
displayed brittle fracture response after the linear elastic part
due to a consequence of the strong fiber/matrix interface that
would impede the toughening mechanisms like crack deflec-
tion, fiber pull-out, etc. And the curve of the Si;N,¢/SiC-800 °C
composite with BN interphase displayed significantly tough-
ness fracture response. Meanwhile, the flexural strength was
increased from ~140 MPa to ~250 MPa. The flat fracture
surface as shown in Fig. 13(a and b) evidenced the brittle nature
of the SizN,¢/SiC composites without introducing interphase.
Fig. 13(c and d) showed introducing BN interphase could lead to
toughness responses, like interface debonding and fiber pull-
out, etc.

The difference in the macro-mechanical properties of the
Si3N,¢/SiC composite and SizN,¢/BN/SiC composite can be
attributed to the interfacial property or the mechanical
mismatch of the fiber, interface and matrix, which has been
well explained by the well-known He-Hutchinson model.*® This
model describes the crack penetration/deflection behaviors at
the interface of composites. Based on the model, the matrix

Bl Without BN
I With BN

400

[~
=
S

Interfacial shear strength (MPa)
g g

800°C

1000C 1200C

Fabrication temperature ('C)

Fig. 11 Interfacial shear strength of the SizN4¢/SiC composites with
and without BN interphase.
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Fig. 12 Representative stress—displacement curves of the SizN4¢/SiC
composites with and without BN interphase.

crack deflection can occur at the fiber/matrix interface when the
composites satisfy the following conditions, and a crack pene-
tration behavior the other way around:

I‘i<%

n<g (@)

where I is the toughness and the subscripts f refers to the fiber
and m the matrix in the Siz;N,¢/SiC composite or the BN inter-
phase in the SizN,/BN/SiC composite. G is the energy release
rate. The subscripts d and p refer to the matrix crack deflection
and penetration, respectively. The ratio of G4 and G can be
expressed as the following equations:

Gy 1
-4 - 5
Gy 4(1-a)” G)
E{ — E,
“= E R ©
" Ey
Bt )

fiber /

pull-out

Interface

/ debonding

SO0pm

Fig. 13 Fracture surface of (a and b) the SizN4¢/SiC-800 °C composite
and (c and d) SizN4/BN/SiC-800 °C composite after three-point bend
tests.
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Fig. 14 Crack deflection mode of the SizN4/SiC composites with and
without BN interphase based on H-H model.

here « is elastic mismatch coefficient, E; is the plane-strain
elastic modulus, Ey and v, correspond to the Young's modulus
and the Poisson's ratio of the phase x, respectively.

Note that I' can be calculated by eqn (8):

2
o KICx

Iy
Ex

(8)

here Kijcx correspond to the fracture toughness of the phase x.
Note that the SiC fiber toughness (I'y) can be quantified using
the measured data in this work. The interface toughness (I';) in
both the SizN,/SiC composite and SizN,¢/BN/SiC composite,
though still missing, was approximated as the SiC matrix
toughness (I'y,) in the SizN,¢/SiC composite and the BN inter-
phase toughness (I'px). I'm, Was acquired also based on the
experimental measurements in this work. The I'gx was chosen 4
J m'? and the Young's modulus 70 GPa, based on the
literatures.>

Fig. 14 shows the He-Hutchinson plot of the different
temperature processed Si;N,¢/SiC composites with and without
BN interphase studied in this work. The result suggests
although the analysis can only be considered as indicative, the
He-Hutchinson prediction showed a crack deflection behavior
of the Si;N,¢/SiC composite with BN interphase, and a crack
penetration behavior of that without BN interphase in the
processing temperature range considered, in accordance to the
experimental observations above.

4 Conclusions

In this work, the in situ micro-mechanical properties of the
novel Si;N,¢/SiC composite fabricated though PIP process have
been firstly investigated. Meanwhile, the BN interphase was
introduced to tailor the fiber/matrix interface in the composites.
The conclusions can be summarized as follows:

(1) In the fabrication temperature considered, due to the
stable microstructure, the Si;N, fiber showed a stable Young’
modulus (~165 GPa), hardness (~16 GPa) and fracture tough-
ness (~2 MPa mY?), indicating an excellent thermal-
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mechanical property of the SizN, fiber that was barely degraded
after high temperature composite fabrication process;

(2) A more crystallized SiC matrix that is mainly attributed to
the higher contents of B-SiC formations with the temperatures
increased from 800 °C to 1200 °C, which subsequently resulted
in enhancements in the Young's modulus, hardness and frac-
ture toughness;

(3) The interfacial microstructure analysis of the SizN,¢/SiC
composites showed the interface was reaction-controlled and
the fiber bonded with the matrix tightly, as evidenced by the
high interfacial shear strength (>420 MPa). After introducing
the BN interphase, the interfacial shear strength can be signif-
icantly decreased to ~140 MPa because of preventing the
interfacial reactions.

(4) The strong interfacial reactions of the Si;N,¢/SiC
composites led to the elastic-brittle responses. However, the
composites with BN interphase showed a significantly
enhanced fracture resistance, due to the triggering of the
toughening mechanisms like interfacial debonding, fiber
pullout, etc.

To sum up, the methods utilized in the paper likewise can be
extended to the other continuous ceramic fibers reinforced
ceramic matrix composites.
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