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Abstract: Layer-structured interphase, existing between reinforcing fiber and ceramics matrix, is an
indispensable constituent for fiber-reinforced ceramic composites due to its determinant role in the
mechanical behavior of the composites. However, the interphase may suffer high residual stress
because of the mismatch of thermal expansion coefficients in the constituents, and this can exert
significant influence on the mechanical behavior of the composites. Here, the residual stress in the
boron nitride (BN) interphase of continuous SiC fiber-reinforced SiC composites was measured using
a micro-Raman spectrometer. The effects of the residual stress on the mechanical behavior of the
composites were investigated by correlating the residual stress with the mechanical properties of the
composites. The results indicate that the residual stress increases from 26.5 to 82.6 MPa in tension as
the fabrication temperature of the composites rises from 1500 to 1650 C. Moreover, the increasing
tensile residual stress leads to significant variation of tensile strain, tensile strength, and fiber/matrix
debonding mode of the composites. The sublayer slipping of the interphase caused by the residual
stress should be responsible for the transformation of the mechanical behavior. This work can offer
important guidance for residual stress adjustment in fiber-reinforced ceramic composites.
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(CFCMCs) are promising materials for replacing some
nickel-base super-alloys in hot section components of
advanced aero-engines [1,2]. CFCMCs are mainly
composed of reinforcing fiber, ceramic matrix, and
layer-structured interphase between them. The multiple
constituents endow CFCMCs with much more favorable
mechanical characteristics over conventional ceramics,
such as high damage tolerance to cracks and non-brittle

1 Introduction

Continuous fiber-reinforced ceramic matrix composites
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fracture [3,4]. These favorable mechanical characteristics
combined with other advantages, such as low density
and high temperature corrosion/oxidation stability,
enable aero-engines to operate with increasing efficiency
and reducing emissions [5].

Among the multiple constituents, an elaborately
tailored interphase is a prerequisite to obtain CFCMCs
with optimized mechanical properties [6,7]. So far,
layer-structured pyrolytic carbon (PyC) and boron
nitride (BN) are the most commonly used interphase
for CFCMC:s [8], as their moderate shear strength can
activate various toughening mechanisms, including crack
arrest/deflection/branching, fiber/matrix debonding, and
fiber pull-out. Various research has shown that an
elaborated interphase is quite necessary to obtain
CFCMCs with both high strength and high toughness,
as it can induce crack deflection along the fiber surface
without degrading the stress-bearing capability of the
fiber [9,10]. The mechanical role of the interphase in
the mechanical behavior of the composites is
demonstrated to be closely related with its thickness
[11-13], crystallinity [14,15], and sublayer sequence
[16-18]. In terms of mechanics, the residual stress in
the interphase may also play an important role as it can
redistribute the stress within the composites and thus
regulate the overall mechanical behavior. However, the
relationship between the residual stress and the
mechanical behavior is still not well understood.

For fiber-reinforced composites, residual stress almost
inevitably exists in the interphase, considering the
discontinuity of chemical composition and the mismatch
of thermal expansion existing between the interphase
with other adjacent constituents. Research has shown
that interfacial residual stress in SiC fiber-reinforced
Ni—Cr—Al composites can be as high as ~1.9 GPa and
found that vacuum heat treatment can reduce the
residual stress [19]. Moreover, the interfacial residual
stress is demonstrated to be responsible for the premature
formation of cracks in the composites [20-22]. SiC¢/SiC
(continuous SiC fiber-reinforced SiC matrix composites)
is one of the most widely studied CFCMCs and residual
stress in the composites has also received increasing
attention recently. Research has shown that SiC¢/SiC
prepared by silicon melt infiltration exhibits residual
tensile stress as high as ~1.45 and 0.5-0.7 GPa in the
matrix and the fiber, respectively [23]. Moreover, the
silicon phase of the composites shows heterogeneous
residual stress, with compressive stress of ~180 MPa in
the intra-tow silicon while ~300 MPa in the matrix

silicon [24]. Although recently there is growing
research investigating the residual stress in SiC¢/SiC, to
the best knowledge of the authors, the interfacial
residual stress of the composites and its effects on the
mechanical behavior have not been studied.

In this study, the interfacial residual stress of SiC¢/SiC
composites prepared by nano-infiltration and transient
eutectic-phase (NITE) method was investigated using a
micro-Raman spectrometer. The effects of the residual
stress on the mechanical properties and the fracture
morphologies of the composites were revealed. Besides,
the mechanisms of the mechanical and microstructural
evolution under the residual stress were also proposed.
This study can offer new insight for the relationship
between the interfacial residual stress and the mechanical
behavior of CFCMCs.

2 Experimental

2.1 Material preparation

The SiC¢/SiC composites were prepared by an NITE
process. Firstly, continuous SiC fiber cloths (Cansas
3303, Fujian Leaoasia New Material Ltd., Quanzhou,
China) were coated with BN interphase (~600 nm in
thickness) via chemical vapor deposition (CVD) method
using BCL,-NH;—H,—N, as the source gases. Subsequently,
the fiber cloths were impregnated with a SiC slurry,
which mainly consisted of SiC powder (~0.7 pum;
Weifang Kaihua Silicon Carbide Micropowder Ltd.,
Weifang, China), 5 wt% binder (polyvinyl butyral, PVB),
and 10 wt% sintering additives (SiO,—Al,O3—Y;,03).
The impregnated fiber cloths were then cut and stacked
to form 70 mm x 70 mm X 5 mm preforms. The
preforms were solidified at 120 °C and then pyrolyzed
at 900 C in flowing Ar atmosphere. Finally, the
pyrolyzed preforms were densified at 1500-1650 ‘C
for 2 h under pressure of 20 MPa to obtain SiC¢/SiC
composites.

2.2 Residual stress determination

The principle for residual stress determination using
Raman spectroscopy is that residual stress is linearly
related to Raman shift [25,26]. The Raman spectrum of
the interphase was characterized by a combined
equipment of micro-Raman spectrometer (Renishaw
InVia, 532 nm laser, 10 mW, Blue Scientific Limited,
Cambridge, UK) and atomic force microscope (AFM;
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SPA400/SPI3800N, Seiko Inc., Japan). Using a focused
laser as the excitation source, the resolution of the
micro-Raman spectrometer almost reaches ~0.5 pm.
This makes it feasible to selectively probe the interphase.
As both chemical and mechanical factors can lead to
Raman shift, extracting the Raman shift caused by
mechanical factors is critical to measure the residual
stress. To simplify the measurement, it is assumed that
the interphase residual stress is totally originated from
the matrix formation of the composites. Therefore, the
effective Raman shift can be obtained as follows:
(1) The Raman spectra of the as-coated interphase on
the fiber are collected and the Raman shift Al; is
measured; (2) the Raman spectra of the interphase in
the as-fabricated composites are collected and the Raman
shift A4, is measured; (3) the effective Raman shift A4,
can be calculated as Al. = A1,—AA,. Therefore, the Ad,
is the Raman shift totally induced by the matrix formation
of the composites. To eliminate the Raman shift caused
by high temperature, the as-coated interphases were
also heat-treated at the same temperatures as the matrix
fabrication. The characteristic peak at 1365 cm ' s
used as the reference stress-free peak for the interphase.
This peak corresponds to the £, mode peak and is
strongly dependent on the crystallographic structure of
BN. A slight variation of crystallographic parameters
can lead to significant shift of FE,, mode peak.
Therefore, peak shifts (A1) relative to 1365 cm ' are
used to calculate the interfacial residual stress o, based
on the linear formula o, = C x AJ.

2.3 Mechanical test and microstructure
characterization

To investigate the effects of interfacial residual stress
on the mechanical behavior of the composites, tensile
tests were performed on the composites with a
mechanical testing machine (DDL20, Changchun
Research Institute for Mechanical Science Co., Ltd.,
Changchun, China) following standard ASTM C1275.
The tensile span is 45 mm and the loading rate is 0.5
mm/min. For each group of the composites, at least
five samples were tested and the reported mechanical
strengths were the averaged values. Cross-sectional
and fracture morphologies of the composites were
observed using an SU8220 field emission scanning
electron microscope (Hitachi, Tokyo, Japan). Topographic
images of the as-coated interphases were recorded with
an atomic force microscope (AFM; SPA400/SPI3800N,
Seiko Inc., Japan) operated in an amplitude-modulation

mode using Si as the cantilever (Micro Masch,
NSC12-B, Estonia). The surficial roughness of the
interphases was calculated statistically based on the
topographic height of the interphase using Image
Analysis software. Furthermore, the shear modulus of
the interphases was measured according to the force/
distance curves obtained from AFM probe (Derjaguin—
Muller—Toporov, DMT model).

3 Results and discussion

For multiple-phase ceramic composites fabricated at
high temperatures, residual stress in the constituents
evolves due to the mismatch of thermal expansion.
Presuming that SiC¢/SiC composites are an assembly
of uniformly distributed SiC fiber, SiC matrix, and BN
interphase existing between the fiber and the matrix,
then the interfacial residual stress can be calculated
based on the following classical equations [27,28]:

Oif=- (H
0.5(1+ ui(T)) +V:(1- 2ui(T)) . 1- 2uf(T)
Eiqy(1-7%) Eqry
+
Ei(T) -7y Em(T)

where o; ¢ is the residual stress caused by the thermal
mismatch between the interphase (i) and the fiber (f),
and o, , is the residual stress caused by the thermal
mismatch between the interphase (i) and the matrix
(m). Both the residual stresses can be expressed as a
function of the difference between processing and
ambient temperature (AT), thermal expansion coefficient
(a), elastic modulus (F), Poisson’s ratio (v), and the
volume fraction (V) of the constituents. Then the
interfacial residual stress (o;) can be calculated as a
weighted sum of o, ¢ and o; ,, based on the volume
fraction of the constituents:

1
O'rZV
f+Vm

(Veoif +Vin0icm) 3)

Substituting the thermo-mechanical parameters of
the constituents into the above equations (most of the
parameters are drawn from published literature and
summarized in Table 1), then oy ¢, 0, n, and o, can be
expressed as below:

Oi_p =3.4798x 102 AT (MPa) (4)
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o, =1.8975x1072 AT (MPa) (5)

o, =2.4934x1072 AT (MPa) (6)

Then relationship of oy o0inm and o, versus
processing temperature can be plotted as Fig. 1. All the
residual stresses linearly increase with the temperature,
and the oy ris a little higher than o, ,,, indicating that
the fiber accounts more than the matrix in the formation
of interfacial residual stress. As the SiC¢/SiC composites
were prepared at 1500-1650 °C, the interfacial residual
stress (o;) is ~40 MPa. However, as the residual stress
calculation only considers the thermal expansion
mismatch, the actual residual stress may be higher due
to the pressure applied in the preparation process.

Raman is an effective technique to measure residual
stress by correlating the residual stress with Raman
peak shift. As the composites were prepared at high
temperatures, in order to assure that the measured
Raman shift is resulted from residual stress, not from
heat-induced microstructure evolution, two strategies
are adopted to calibrate the measurement. First, the
microstructures of the interphase at RT-1650 C
are contrasted so as to eliminate the possibility that
microstructural factors dominate the Raman shift.
Second, the Raman shift of the interphase after the

Table 1 Thermal and mechanical properties of BN
interphase, SiC fiber, and SiC matrix

Thermal expansion  Elastic

Volume R Poisson’s
fraction coefficient modulus ratio
(10°¢ C (GPa) !
BN interphase 0.07 2.7 [29] 24[30] 0.13[31]
SiC fiber 0.35 4.6 [32] 280 [33] 0.25[33]
SiC marix 0.58 4.6 [32] 400 [33] 0.20 [33]

Note: the volume fraction was estimated based on weight variation
during the preparation of the composites.
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Fig. 1 Interfacial residual stress of SiC¢/SiC calculated
from thermal expansion mismatch.

matrix formation is calibrated by that before the matrix
formation, so the calibrated Raman shift can be
considered to be totally induced by the residual stress
generated during the matrix formation.

The microstructure images (Figs. 2(a) and 2(b))
indicate that the as-coated interphase is uniformly
coated on the fiber surface. The surficial morphology
of the interphase is granular, with a granule size of
~500 nm. The cross-sectional morphology of the
interphase (~600 nm in thickness) is characteristic of
layered structure and the sublayer is ~20 nm in
thickness. As the interphase is heat-treated at 1550 and
1650 °C, the surficial granule size (~500 nm) almost
remains the same with that of the untreated interphase
(Figs. 2(c)-2(e)), indicating that the interphase remains
thermally stable during the high-temperature processing.
This can be further confirmed by the statistical results
of the surficial roughness (R,), as shown in Figs. 2(f)—
2(h). The R, values of the interphase surfaces
(corresponding to green line in Figs. 2(c)-2(e)) are
~21-22 nm. The thermally stable interphase makes
Raman spectroscopy a feasible tool to measure the
residual stress of SiC¢/SiC composites that fabricated at
high temperatures.

The cross-sectional morphologies (Figs. 3(a) and 3(b))
of the as-received SiC¢/SiC composites (fabricated at
1500 C) show that the reinforcing fibers are surrounded
uniformly by a dense SiC matrix. The BN interphase
remains intact and bonds tightly with the fibers and the
matrix. Considering their different thermal expansion
coefficients, there must be significant residual stress in
the interphase. To investigate the variation of residual
stress with the fabrication temperature, four groups of
SiC¢/SiC composites fabricated at 1500, 1550, 1600,
and 1650 °C are used for the determination of residual
stress. The Raman spectra of the interphases as-coated
on the fiber surface and within the as-fabricated
composites are shown in Fig. 3(c). For the purpose of
calibration, the as-coated interphases were heat-treated
at the same temperatures as the matrix fabrication. All
the spectra show a sharp and strong peak at ~1365 cm ',
which corresponds to the in-plane vibration of BN
phase [34,35]. The in-plane vibration has proved to be
highly sensitive to the residual stress in the phase, and
a certain amount of vibration peak shift represents a
proportional residual stress in the phase [36]. The
Raman results show that all the vibration peaks of the
interphases show a negative shift relative to the
characteristic peak position of BN phase at stress-free
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Fig. 2 (a, b) SEM images of as-coated BN interphase on SiC fiber surface, (c—e) AFM images of the interphase at RT, 1550,
and 1650 C, and (f-h) surficial roughness of the interphase.
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Fig. 3 (a, b) SEM images of the as-fabricated SiC/SiC and (c) selected-area Raman spectra of the BN interphases as-coated on
SiC fiber surface and within the SiC¢/SiC.
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state (~1365 cm '). As some chemical factors may also
cause Raman shift, the Raman shift must be calibrated
to determinate the residual stress.

The calibration of Raman shift should consider two
chemical factors. First, the CVD-derived BN interphase
has some distinct microstructure features (Figs. 2(a)
and 2(b)) compared with standard BN phase. Second,
the high-temperature conditions of the matrix formation
may induce atom diffusion/rearrangement in the
interphase. Both these two factors can contribute to
Raman shift. By subjecting the as-coated interphase to
heat-treatment at the same temperatures as that of the
matrix fabrication, the Raman shifts caused by the
above factors are approximately the same for the
as-coated interphase and the interphase within the
composites. Therefore, the calibrated Raman shift (A4)
can be obtained by subtracting the Raman shift of the
as-coated interphase from that of the interphase in the
composites (Fig. 4):

Ady =Ady — AX (7)

where A4 and A4, denote the Raman shifts of as-coated
interphase and the interphase within the composites,
respectively. Then the interfacial residual stress (o) in
the composites can be calculated as below:

o, =CxAA, ®)

where C is the conversion factor of Raman shift to
residual stress. For BN phase, C is a constant of
—0.2950 [36-38]. The negative valve of C indicates
that a negative Raman shift in BN phase represents a
positive o, value, i.e., tensile residual stress generated
in the phase.

The variations of the Raman shift (A4.) and the
interfacial residual stress (o;) versus the fabrication
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Fig. 4 Schematic of calibrating Raman shift in the BN
interphase.

temperature are shown in Fig. 5(a). As the fabrication
temperature increases from 1500 to 1650 C, the A,
of the interphase decreases from —0.09 to —0.28 cm .
Correspondingly, the o, increases from 26.5 to 82.6
MPa in tension. Compared with the calculated results
based on thermal expansion mismatch (Fig. 1), the
Raman-measured o, is significantly higher when the
temperature exceeding 1600 “C. Especially at 1650 C,
the measured o, is almost twice the calculated o,. As
mentioned before, the calculated o, is obtained based
on the thermal expansion mismatch without considering
the pressure applied during the fabrication; therefore,
the calculated o, should be underestimated. As both the
fiber and the matrix have a higher thermal expansion
coefficient than the interphase (Table 1), the formers
expand more than the latter during the composite
fabrication. Especially along the fiber axial direction,
the expansion of the fibers is rather remarkable due to
their extremely high length—diameter ratio (Fig. 5(b)).
This subjects the interphase to residual tensile stress
along the fiber axial direction.
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Fig. 5 (a) Raman shift and interfacial residual stress as a function of temperature and (b) schematic of interfacial residual stress

in the SiC¢/SiC.
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For SiC¢/SiC composites, the interphase decides the
mechanical behavior by tailoring the bonding strength
between the fiber and the matrix. The residual stress in
the interphase may change the bonding strength and
thus exerts significant influence on the overall mechanical
properties of the composites. In order to investigate the
effects of residual stress on the mechanical properties,
tensile mechanical tests were performed on the composites
with various residual stresses in the interphase. The
tensile stress—strain curves are shown in Fig. 6 and the
mechanical properties are summarized in Table 2. All
the composites show non-brittle fracture behaviors,
with tensile strength ~200 MPa and tensile strain
~0.40%. As the interfacial residual stress increases
from 26.5 to 64.9 MPa, the tensile strength increases
from 171 to 238 MPa, and the tensile strain from 0.33%
to 0.45%. However, as the residual stress reaches to
82.6 MPa, both the tensile strength and the tensile strain
decrease significantly, declining to 184 MPa and 0.36%,
respectively. The variation of mechanical properties
indicates that the interfacial residual stress has significant
effects on the mechanical behavior of the composites.
The residual stress may induce different fiber/matrix
debonding modes and thus contribute to the different
mechanical properties. The effects of the residual stress
can be further confirmed by the fracture microstructures
of the composites.

."//
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——mee Com-2 (0,=38.3 MPa) ""/'\'/i
e Com—3 (0,764.9 MPa) ,’ l
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Fig. 6 Tensile stress—strain curves of the SiC¢/SiC with
various interfacial residual stresses.

Table 2 Mechanical properties of the SiCy/SiC with
various interfacial residual stresses

Interfacial residual Tensile strain ~ Tensile strength

Sample

stress o, (MPa) (%) (MPa)
Com-1 265+52 0.33+0.03 171 +13
Com-2 383+7.6 0.41+0.05 236+ 15
Com-3 64.9+45 0.45+0.06 238 +21
Com-4 82.6+9.4 0.36 +0.03 184 + 11

The fracture surfaces of the composites show that
with the interfacial residual stress increasing from 26.5
to 64.9 MPa the composites show prolonging length of
fiber pull-out (Figs. 7(a), 7(c), and 7(e)), which coincides
with the increasing tensile strain in the composites
(Table 2). This may indicate that the increasing
residual stress can facilitate the fiber/matrix debonding.
For fiber-reinforced composites, different fiber/matrix
debonding modes can lead to rather different fracture
behaviors. In terms of where debonding occurs, the
debonding of SiCy/SiC can be divided into i/f type and
i/i type. For i/f type, the debonding occurs at
interphase/fiber interface, while for i/i type, the
debonding occurs within the interphase. As the residual
stress increases from 26.5 to 64.9 MPa, the debonding
mode transforms from i/f type to i/i type (Figs. 7(b),
7(d), and 7(f)). As the residual stress further increases
to 82.6 MPa, the length of fiber pull-out decreases
significantly (Fig. 7(g)). Although the debonding is still
an i/i type, the interphase is delaminated drastically
and peeled from the fiber (Fig. 7(h)). This indicates
low shear strength of the interphase and thus low
bonding strength of fiber/matrix. The low bonding
strength can prevent stress transferring from the matrix
to the fibers, thus inhibiting the reinforcing effect of
the fibers. Therefore, the composites (Com-4) show a
significant decrease in tensile strength and tensile
strain compared with Com-2 and Com-3.

In general, fiber/matrix debonding mode of fiber-
reinforced composites is mainly dependent on the
shear characteristics of interphase. The residual stress
in the interphase may change the shear characteristics,
thus leading to the different debonding modes in the
composites. The effects of the residual stress on the
shear characteristics can be shown in Fig. 8. Due to the
different thermal/mechanical properties between the
fiber and matrix, the interfacial residual stress is
inhomogeneous across the thickness of the interphase,
and the residual stress close to the fiber is higher than
that close to the matrix (which is deduced by higher
oi ¢ than o, , in Fig. 1). From the view of mechanics,
the inhomogeneous residual stress can be equivalent to
residual shear stress across the thickness of the
interphase (Fig. 8(a)). The residual shear stress can
facilitate sublayer shear slipping in the interphase, and
thus weaken the shear strength of the interphase. To
quantitatively investigate the shear property of the
interphase, indentation testing was performed on the
interphase using an AFM probe. During the indentation,
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Fig. 8 Effects of the interfacial residual stress on the shear modulus of the BN interphase: (a) inhomogeneous distribution of
the interfacial residual stress, (b) indentation testing on the interphase using an AFM probe, and (c) shear modulus of the
interphase versus the interfacial residual stress.
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the force vs. distance curve is recorded and then the
shear modulus of the interphase is obtained based on
the curve slope (Fig. 8(b)). As the interfacial residual
stress increases from 26.5 to 82.6 MPa, the shear
modulus of the interphase decreases from 22.9 to
19.5 GPa (Fig. 8(c)). This confirms that the residual
stress can degrade the shear strength of the interphase
and thus facilitate sublayer slipping in the interphase.
At low residual stress, the moderate sublayer slipping
in the interphase can strengthen the reinforcing effect
of fiber by promoting fiber/matrix debonding, which
leads to improvement of mechanical properties. However,
high residual stress can lead to immoderate sublayer
slipping. The immoderate sublayer slipping can lead to
significant delamination in the interphase, which
degrades the reinforcing effect of fiber and thus worsens
the mechanical properties of the composites.
Therefore, the effects of interfacial residual stress on
the mechanical behavior of the composites can be
illustrated in Fig. 9. The residual stress can lead to
fiber/matrix debonding within the interphase by inducing
sublayer slipping in the interphase. As the residual
stress is low, the debonding preferentially occurs at
interphase/fiber interface. However, increasing the
residual stress can lead to i/i debonding, where the
debonding occurs within the interphase. Benefiting
from the enhanced fiber pull-out of i/i debonding, both
mechanical strength and strain of the composites are
improved. Furthermore, with the residual stress
increasing up to a certain threshold, the interphase is
delaminated presumably due to its immoderate sublayer
slipping. The delaminated interphase can suppress stress
transferring from the matrix to the fiber, resulting in
deteriorating mechanical properties. Actually, the effects
of the residual stress on the mechanical behavior

should consider the intrinsic characteristics of the
composites, such as chemical composition, fiber fabric,
and preparation condition. Therefore, the overall
understanding of residual stress in the composites still
needs more researches. Nevertheless, this study promotes
the research by providing a method for determining the
residual stress in the interphase and revealing its
effects on the mechanical behavior of the composites.

4 Conclusions

In present study, the interfacial residual stress of SiC
fiber-reinforced SiC matrix (SiC¢/SiC) composites was
investigated using a micro-Raman spectrometer. The
residual stress was measured based on the Raman shift
of the BN interphase. It was found that the residual
stress increases from 26.5 to 82.6 MPa as the fabrication
temperature of the composites rises from 1500 to
1650 ‘C. The residual stress is tensile with direction
parallel to the fiber axis, and found to exert significant
influence on the mechanical properties of the composites.
The increasing residual stress can improve the tensile
strength of the composites from 171 to 238 MPa. The
transformation of fiber/matrix debonding from i/f type
to /i type induced by the residual stress should be
responsible for the improvement of the mechanical
properties. However, with the residual stress increasing
up to 82.6 MPa, the mechanical properties of the
composites degrade remarkably due to the delamination
of the interphase. This work provides a feasible
alternative for determination of interfacial residual stress
in fiber-reinforced ceramic composites, and offers new
insight for the relationship between the residual stress
and the mechanical behavior of the composites.
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