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In order to reveal the effect of matrix cracks resulted from thermal residual stresses (TRS) on the thermal
expansion behavior of ceramic matrix composites, SiBC matrix was introduced into C¢/SiC and SiC¢/SiC by liquid
silicon infiltration. The TRS in both two composites were enlarged with incorporating SiBC matrix which has
higher coefficients of thermal expansion (CTEs) than SiC matrix. Due to the relatively high TRS, matrix cracks
and fiber/matrix (f/m) debonding exist in C¢/SiC-SiBC, which would provide the space for the expansion of

matrix with higher CTEs. For SiC;/SiC, no matrix cracking and f/m debonding took place due to the close CTEs
between fiber and matrix. Accordingly, with the incorporation of SiBC matrix, the in-plane CTE of C/SiC be-
tween room temperature to 1100 °C decreases from 3.65 x 10~ ° to 3.19 x 10~ ®K, while the in-plane CTE of
SiC¢/SiC between room temperature to 1100 °C increases slightly from 4.97 x 107° to 5.03 x 10 °K%.

1. Introduction

Continuous fiber reinforced ceramic matrix composites (CMCs) have
been extensively studied due to their low density, high strength at
elevated temperatures and excellent thermal stability [1,2]. In their
practical applications (especially the assembly with different mate-
rials), a key consideration is the thermal expansion behavior of CMCs.
Coefficient of thermal expansion (CTE) is an important parameter to
characterize thermal expansion behavior [3,4].

The CTE of fiber reinforced single-phase matrix composite (a.) can
be expressed by the following formula [5].

_E _ Eras Vi + Enyam Vi

A== =
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where E, @ and V represent the Young’s modulus, CTE and volume
fraction, respectively. The subscripts f and m represent the fiber and
matrix, respectively. Therefore, the thermal expansion of CMCs de-
pends on the volume fraction of fiber and matrix and their respective
properties. Renz et al. [6] investigated the effect of SiC content on the
thermal expansion behavior of carbon fiber reinforced dual carbon-si-
licon carbide matrix composite (C¢/C-SiC), and the results showed that
the CTE increases as the SiC content increases. According to formula
(1), when other conditions remain unchanged and only the CTE of
matrix (a,,) increases, the CTE of CMC increases. On the other hand, the
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increase of a;,, may aggravate the thermal mismatch between fiber and
matrix. The most simple formula for the thermal residual stresses (TRS,
0) in CMC is as follows [7].

0 = EnATAa (2)

where AT is the temperature difference between operation temperature
and processing temperature. Aa is the CTE difference between fiber and
matrix. In effect, matrix cracking may occur, which depends on the
severity of thermal mismatch degree between fiber and matrix. An
important issue arises whether these matrix micro-cracks derived from
TRS in turn affect the CTE of CMC.

Up to now, carbon fiber reinforced SiC matrix composite (C¢/SiC)
and SiC fiber reinforced SiC matrix composite (SiC¢/SiC) fabricated by
chemical vapor infiltration (CVI) are the two most widely studied CMCs
[8-10]. They are also suitable material systems for studying this issue.
The CTE of carbon fiber is greatly different from that of SiC matrix,
leading to large TRS. While SiC fiber has a similar CTE with SiC matrix,
and the TRS should be much less.

According to formula (2), the TRS in CMC can be enlarged by in-
creasing the matrix modulus, matrix CTE or processing temperature. In
our previous work, SiBC matrix was successfully introduced into C¢/SiC
and SiC¢/SiC by liquid silicon infiltration (LSI) to improve the oxidation
resistance, and the prepared dense C¢/SiC-SiBC and SiC/SiC-SiBC ex-
hibit good oxidation resistance from 800 to 1200 °C [11,12]. First, the
processing temperature of LSI (1600 °C) is higher than that of CVI
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(1000 °C). Second, the introduction of SiBC can improve the matrix
modulus due to decreased porosity. Last, although the CTE of SiBC
matrix is unknown, it should not be low due to the relatively high CTE
of B4C [13], which needs to be verified by measurements. In summary,
the introduction of SiBC can enlarge the TRS in CMC. This has been
proved in C¢/SiC material [14]. Multiple matrix cracks were observed in
C¢/SiC-SiBC due to high TRS [11]. Therefore, the study on thermal
expansion behavior of SiBC modified C¢/SiC and SiC¢/SiC is expected to
reveal the effect of matrix micro-cracks on the CTE of CMC.

In this work, SiBC modified C¢/SiC and SiC;/SiC were prepared by
LSI. The thermal expansion behavior of C¢/SiC-SiBC and SiC;/SiC-SiBC
was studied systematically and compared with unmodified C¢/SiC and
SiC¢/SiC. The main objective of this work is to investigate the effect of
SiBC addition on the thermal expansion behavior of C¢/SiC and SiCg¢/SiC
and reveal its mechanism.

2. Experimental
2.1. Materials preparation

Carbon fiber (T-300, Toray, Japan) was chosen as the reinforce-
ment, and the preform was prepared by stacking the weave fibers. The
typical properties of carbon fiber are listed in Table 1. Each bundle of
as-received carbon fibers contains 1000 filaments. The fiber volume
fraction was 40vol.%. After deposition of PyC interphase with a
thickness of 200 nm, SiC matrix was introduced by CVI with MTS-H,-Ar
as precursors. C¢/SiC composites were obtained after the infiltration of
SiC matrix for 360 h.

C;¢/SiC-SiBC was obtained by a combined process as follows. First of
all, after deposition of PyC interphase with a thickness of 200 nm, and
the porous C¢/SiC preforms can be obtained by the infiltration of SiC
matrix for 240 h. Secondly, slurry infiltration was carried out to in-
troduce ceramic particles (B4C) into the pores. Thirdly, liquid silicon
infiltration was carried out at 1600 °C in vacuum furnace. The detailed
process can be found in the previous work [14].

SiC fiber with the chemical composition of 66.5Si-33C-0.50 in mass
(Nanjing Glass Fiber Institute, China) was chosen as the reinforcement,
and the preform was prepared by stacking the weave fibers. The typical
properties of SiC fiber are listed in Table 1. Each bundle of as-received
SiC fibers contains 500 filaments. The fiber volume fraction was 28 vol.
%. After deposition of BN interphase with a thickness of 500 nm, SiC¢/
SiC can be obtained by the infiltration of SiC matrix for 360 h.

SiC¢/SiC-SiBC was obtained by the same combined process like C¢/
SiC-SiBC, and the only difference is the deposition of BN interphase
(500 nm thickness) into SiC fiber preform. The detailed information can
be found in the previous work [12].

B4,C powder (Dso = 1.5pm, 50wt.%, Mudanjiang Jingangzuan
Boron Carbied Co. Ltd., Mudanjiang, China) was mixed homogeneously
and then pressed into bars by cold-pressing. After heat-treatment at
1400 °C for 2h under the flowing Ar atmosphere, the green B4C pre-
forms were obtained. And then the infiltration of liquid silicon into B,C
green preforms was carried out to obtain SiBC ceramics.

2.2. Characterization

The specimens of 25 x 5x 3 mm® was employed to test the coeffi-
cient of thermal expansion by thermal expansion instrument (DIL 402C,
NETZSCH, Germany). The measurements were conducted from RT to

Table 1
Typical properties of carbon fiber and SiC fiber.
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1100 °C in argon atmosphere with a heating rate of 5 °C/min. Tests are
limited in the longitudinal direction. The length change with tem-
perature was recorded, and CTE (o) is calculated by the following
formula.

a= (Ly-L10)/L1o(T-Ty) = AL/L7oAT 3

Where T, is the reference temperature (Room temperature 25 °C); Ly is
the length of the samples at the reference temperature; T is the mea-
sured temperature, and Ly is the length at the measured temperature.
The accuracy of the measurements is = 3 %.

The dog-bone shape specimens were employed to do the cyclic
loading-unloading tests with a loading rate of 0.1 mm/min at room
temperature, which were conducted on a servo-hydraulic tester (Model
8801, Instron Ltd., High Wycombe, England). Strain gauges were glued
on the opposite sides of each specimen to monitor the strains. The cyclic
unloading-reloading tests were carried out with an incremental step
loading of 20 MPa for per cycle up to final rupture. At least three
samples were employed for each assembles.

Bulk density and open porosity of as-fabricated specimens were
obtained by Archimedes’ method. The microstructure of samples was
characterized by scanning electron microscope (SEM, S-2700, Hitachi,
Japan) and back-scattered electron image (BSE). Energy dispersive X-
ray spectrum (EDS) was recorded to identify the element species. The
foil sample with dimensions of 10 um X 10 ym was prepared by the
focused-ion beam technique (FIB, Helios G4 CX, FEIL, USA), and then be
analyzed by transmission electron microscopy (TEM, Themis Z, FEI,
USA) installed with a probe aberration corrector. Sub-angstrom high-
angle annular dark field (HAADF) imaging was conducted.

3. Results
3.1. Microstructure of SiBC ceramics

The density of as-obtained SiBC ceramics is 2.47 g/cm®. As detected
by XRD (Fig. 1a), the as-fabricated SiBC ceramic was composed of
B12(Si,B,C)3, B-SiC, and silicon. The strong intensity of diffraction peak
in 27° means the high crystallization degree of silicon. As shown in BSE
image (Fig. 1b), the bright phase, grey phase and dark phase represent
Si, SiC and B;,(Si,B,C)3, respectively.

The SiBC foil was cut by FIB, and then the microstructure was
analyzed by TEM. As shown in HAADF image (Fig. 1c), the bright phase
and dark phase represent the Si and B;,(Si,B,C)3;, and minor bright
phase in dark phase represent SiC, which was confirmed by the EDS
mapping. It can be found that B;5(Si,B,C); was formed and homo-
genously dispersed in the silicon matrix. As reported, the reaction of
B,C and silicon was a dissolution-precipitation process, and with the
saturation of boron and carbon in silicon melt, the ternary phase
B12(Si,B,C)3 and SiC precipitated, and the microstructure depended on
the particle size of B4C [15-18]. In this work, the employed B,C par-
ticles have an average particle size of 1.5 um, and all the B,C particles
were consumed completely by the excess silicon. As reported in our
previous work [14], the SiBC ceramic consists of 36.7vol.%
B12(Si,B,C)3, 11.3 vol.% B-SiC and 52 vol.% Si.

3.2. Microstructure of CMCs containing SiBC

The apparent density and open porosity of all four composites are
listed in Table 2. It can be found that the as-fabricated composites have

Young’s modulus (GPa) Strain to failure (%) Poisson's ratio

Fiber Diameter (um) Density (g/cm®) Tensile strength (GPa)
Carbon fiber 7 1.76 3.53
SiC fiber 12.5 3.00 3.14

230
310

1.5
1.12

0.3
0.2
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Fig. 1. (a) XRD patterns of as-fabricated samples; (b) BSE images of SiBC ceramic; (c¢) HAADF image and EDS mapping of SiBC ceramic.

Table 2

Density, porosity and phase composition of all four composites.

Specimen Density Open Total Volume content (vol.%)
(g/cm®) porosity porosity
(vol.%) (vol.%)
Fiber CVI-SiC SiBC
matrix matrix

C¢/SiC 2.11 12 16 40 44 0
C¢/SiC-SiBC 2.20 6 8 40 28 24
SiCg/SiC 2.72 7 13 28 59 0
SiC¢/SiC-SiBC  2.57 4 11 28 28 33

lower open porosity with incorporating SiBC matrix. The high porosity
of C¢/SiC and SiC¢/SiC can be attributed to the bottle-neck effect of CVI
process, leading to the porous matrix. The densities of carbon fiber, SiC
fiber, CVI-SiC matrix [12] are 1.76, 3.00 and 3.21 g/cm3, and thus the
SiCe-based composites have a higher density of above 2.50 g/cm?®.

The volume fraction of CVI-SiC matrix (Vg;c), the volume fraction of
SiBC matrix (Vgjpc) and the total porosity P can be calculated by the
following formulas (4-5).

d.=d¢X Vi+dsic X Vsic +dsipc X Vsiac ()]
P = 1-V¢-Vsic-Vsisc 5)

where d. is the measured density of composite, d; is the density of fiber,

Fig. 2. BSE images of polished surface of (a) C¢/SiC, (b) C¢/SiC-SiBC, (c) SiC¢/SiC, and (d) SiC/SiC-SiBC.
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dsic is the density of CVI-SiC matrix, ds;sc is the density of SiBC matrix,
V; is the volume fraction of fiber. Vgpc is O for C;/SiC.

Carbon fiber preform has a high fiber volume fraction of 40 vol.%.
According to Egs. (4 and 5), the phase content can be calculated. There
is 40 vol.% carbon fiber, 44 vol.% CVI-SiC matrix and 16 vol.% total
porosity for C¢/SiC, and there is 40 vol.% carbon fiber, 28 vol.% CVI-SiC
matrix, 24 vol.% SiBC matrix and 8 vol.% total porosity for C¢/SiC-SiBC,
as listed in Table 2.

For SiCs-based CMCs, the fiber volume fraction is 28 vol.%, and the
density of SiC fiber is 3.00 g/cm®. Using the same method according to
Egs. (4 and 5), it can be calculated that there is 28 vol.% SiC fiber,
59 vol.% CVI-SiC matrix and 13 vol.% total porosity for SiC¢/SiC, and
there is 28vol.% SiC fiber, 28 vol.% CVI-SiC matrix, 33 vol.% SiBC
matrix and 11 vol.% total porosity for SiC/SiC-SiBC.

For 2D woven fiber perform, it can be divided into two areas, the
inter-bundle and intra-bundle areas. The intra-bundle areas have a
small pore size while inter-bundle areas have a large pore size. In the
initial stage, the interphase and SiC matrix can deposit on fiber surface
sequentially, and forming the intra-bundle microstructure. While the
different inter-bundle matrix was formed due to the different process.

As shown in Fig. 2a, the pores remained in the intra-bundle and
inter-bundle matrices, which is the typical microstructure characteristic
for the composites fabricated by CVI. The dense inter-bundle matrix can
be obtained for C¢/SiC-SiBC, which was formed by the reaction of B4,C
and liquid silicon (Fig. 2b). The intra-bundle pores can be clearly seen,
and the intra-bundle SiC matrix can well protect the interphase and
fiber from the erosion of liquid silicon. It is also evident that the carbon
fibers remain unaffected by siliconization. The fiber and interphase are
surrounded by CVI-SiC matrix, and cannot be corroded by silicon.

The similar microstructure also can be found for SiCe-based CMCs,
as shown in Fig. 2¢ and 2d. For SiC¢/SiC composites, the inter-bundle
matrix is hard to be full filled by CVI-SiC matrix, and the pores re-
mained. While the SiBC matrix well fills the inter-bundle areas. Due to
the existence of CVI-SiC matrix, the liquid silicon cannot infiltrate into
the intra-bundle pores, and the intra-bundle pores remained.

3.3. Thermal expansion behavior

The expansion of SiBC and SiC matrices was measured from room
temperature to 1100 °C, and the length change was recorded. Here the
SiC ceramic was prepared by CVI process, and then its expansion be-
havior was characterized, and its CTE can be treated as the CTE of SiC
matrix. As shown in Fig. 3a, it can be clearly seen that the expansion of
SiBC matrix is more than that of SiC matrix in the whole temperature
range. The CTEs of SiBC and SiC matrices can be calculated from the
AL/L vs. temperature data, as shown in Fig. 3b. The CTE of CVI-SiC
matrix from RT to 1100 °C is 4.9 x 10~ °K!, and that of SiBC matrix is

0.008
(a)
0.006
SiBC matrix

= 0.004
-1
<

0.002- SiC matrix

0.000 T T T T T

0 200 400 600 800 1000

Temperature (°C)
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6.0 x 107 °K. As reported, the CTE of crystalline silicon from RT to
900°C is 4.3 X 10°K" [19], which is lower than that of SiC.

CTEs of the composite depend on the CTEs of individual con-
stituents, viz., fibers, SiC and SiBC matrices. The CTE of carbon fiber is
anisotropic. It is reported that the axial and radial CTEs of carbon fiber
are about 1.46 x 10~ %and 6.07 x 10~ °K™! at 1100 °C [20], and that of
employed SiC fiber is 5.1 x 10 ®K™ [21]. As a summary, it can be
concluded that a(carbon fiber along radius direction) > a(SiBC ma-
trix) > a(SiC fiber) > a (SiC matrix) > a(carbon fiber along axis di-
rection).

The linear expansion behavior of all four composites is listed in
Fig. 4a. It can be found that SiC¢/SiC-SiBC shows the biggest expansion,
while C¢/SiC-SiBC shows the lowest expansion in all the four compo-
sites. With incorporating SiBC matrix, the expansion of C/SiC decreases
while that of SiC¢/SiC increases in the whole temperature range.

Fig. 4b shows the relationship between CTE and temperature of C¢/
SiC and C¢/SiC-SiBC compared with SiBC and SiC matrices. The CTEs
between RT to 1100 °C of C;/SiC and C/SiC-SiBC are 3.65 x 10~ ° and
3.19 x 107K, both of which are lower than that of SiBC and SiC
matrices, resulting from the low axial CTE of carbon fiber. At the same
time, with incorporating SiBC, the CTEs of C¢/SiC decrease in the whole
temperature range.

The CTEs of SiC¢/SiC and SiCy/SiC-SiBC are listed in Fig. 4c, com-
pared with SiBC and SiC matrices. The CTEs of SiC¢/SiC and SiC¢/SiC-
SiBC between RT to 1100 °C are 4.97 x 10~ ° and 5.03 x 10" °K’},
both of which are close to CTE of SiC fiber (5.10 x 10~ °K™), higher
than SiC matrix while lower than SiBC matrix. Both two SiCg-based
composites show the close CTE at 1100 °C, and the difference between
them is only 1.21 %, which is lower than the accuracy of the mea-
surements of CTE. As shown in Fig. 4c, it’s interesting to note that the
CTEs of SiC¢/SiC-SiBC in the whole temperature are higher than those of
SiC¢/SiC. According to the changing tendency of CTEs, it’s reasonable to
say that CTEs show a slight increase with the incorporation of SiBC into
SiC¢/SiC.

For SiC¢/SiC, SiC fiber has a higher CTE than SiC matrix. In the
heating process, the SiC matrix would suspend the expansion of SiC
fiber, leading to the lower CTE of SiC¢/SiC than SiC fiber. With the
increase of testing temperature, the suspending effect was weakened,
and the CTE is getting closer to SiC fiber.

As a summary, it can be concluded that a(SiC¢/SiC-SiBC) > a(SiC¢/
SiC) > a(C¢/SiC) > a(C¢/SiC-SiBC). The CTEs of SiC fiber are higher
than carbon fiber along axis direction, and thus SiCi-based CMCs have
higher in-plane CTEs than Cgbased CMCs. It is interesting to note that
different change tendency appears for different reinforcements, the
CTEs of C¢/SiC decrease but that of SiC¢/SiC increase slightly with the
in-situ formation of SiBC matrix by LSIL.

1 ®)

120]

Carbon fiber
radial direction

axial direction

T T T T
600 800 1000 1200

Temperature (°C)

T T
200 400

Fig. 3. (a) Relationship between in-plane linear expansion and temperature of SiBC and SiC matrices. (b) Relationship between CTE and temperature of carbon fiber

[20], SiC fiber, SiC and SiBC matrices.
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Fig. 4. (a) Relationship between in-plane linear expansion and temperature of all the four composites; Relationship between CTE and temperature of (b) Cs-based and

(c) SiC¢-based CMCs compared with SiBC and SiC matrices.

3.4. Thermal residual stress

Due to the thermal mismatch between fiber and matrix, TRS always
exist in the composites. Eq. (2) gave a rough estimation of the magni-
tude of the residual stress for the uniform composites. It can be seen as
one simple method to evaluate the residual stress, and only the differ-
ence in CTE and temperature are considered, while the influences of the
geometry and the elastic constants of the fiber are ignored. Actually,
CMCs have non-homogenous phase distribution. The continuous fibers
have orientation, especially for anisotropic carbon fiber. So, more fac-
tors should be considered, like preform woven coefficient, volume
fraction of fiber, Young’s modulus et al. As reported, axial TRS (0,) and
radial TRS (o,) in the matrix can be estimated by the following equa-
tions [14,22]:

AE; Vi

*

= - - T, — T
Oa rn/,LEfo + Eme X (af am)( o p) (6)
1 r _
S W lBg + (= vy TR ) %
Bt = 1-p/Q = AV = p)
™M 4 2.5p/(1 — AV — p) (8)

Where Vi, vy, Ey refer to the volume fraction, Poisson’s ratio and
Young’s modulus of phase x (x = f for fiber and x = m for matrix),
respectively. T, and T}, are the operation temperature and processing
temperature, respectively. o, af and a,, refer to the axial CTE of fiber,
radial CTE of fiber and CTE of matrix, respectively. A is the preform
woven coefficient (A = 0.5 for 2D woven preform). E; is the effective
Young’s modulus of matrix with pores. p is the total porosity of com-
posite.
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The Young’s modulus and Poisson’s ratio of carbon fiber are
230 GPa and 0.3, and those of SiC matrix are 450 GPa and 0.2 [12]. The
expansion of carbon fiber is anisotropic, leading to the different stress
distribution. As shown in Fig. 3b, compared with SiC matrix, the radial
CTE of carbon fiber is higher, while the axial CTE of carbon fiber is
lower. And thus carbon fiber is subjected to compressive stress in axial
direction and tensile stress in radial direction at room temperature
according to Egs. (6 and 7). For SiC¢-based CMCs, the expansion of SiC
fiber is isotropic. Due to larger CTEs of SiC fiber than SiC matrix (as
shown in Fig. 3b), the SiC fiber will be under tensile stress in axial and
radial direction at the room temperature according to Egs. (6 and 7).

The typical stress-strain curves with unloading-reloading cycles of
SiC¢/SiC and SiC¢/SiC-SiBC are shown in Fig. 5. Above a given applied
stress, the unloading-reloading curves do not superimpose and give rise
to the formation of a hysteresis loop. From the coordinates of the
common intersection point by extrapolation of the compliance slopes of
the top linear portion at each hysteresis loop, the axial TRS on the
matrix can be obtained [23,24]. The common intersection is the origin
free with thermal-residual-stress. It can be found that the intersection
point locates in first quadrant of stress-strain plane for SiC¢/SiC, in-
dicating that SiC matrix is subjected to residual compressive stress and
SiC fiber is under tension, which coincides with the higher CTEs of SiC
fiber than SiC matrix. While the intersection point locates in the third
quadrant of stress-strain plane for SiC¢/SiC-SiBC, indicating that the
SiC-SiBC matrix is subjected to residual tensile stress and SiC fiber are
under compression. For SiC~CMCs, it can be found that a(SiBC ma-
trix) > a(SiC fiber) > a(SiC matrix), and thus there is a transition from
compressive stress to tensile stress on the matrix by incorporating SiBC
matrix.

In summary, the TRS in matrix for C¢/SiC, C¢/SiC-SiBC, SiC¢/SiC and
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Fig. 5. Representative cyclic loading/unloading tensile curves of (a) SiC¢/SiC and (b) SiC¢/SiC-SiBC.

SiC¢/SiC-SiBC are —130 = 34 [14], —160 = 15 [14], 27 = 7,
—47 * 9 MPa, respectively. The SiC matrix was prepared at 1000 °C,
while the SiBC matrix was prepared at 1600 °C. The high processing
temperature aggravates the CTE mismatch between fiber and matrix,
leading to the higher TRS with incorporating SiBC matrix according to
Eq. (6).

Except SiC;/SiC, the matrix in other three composites is under the
tensile stress. The SiC~CMCs show the lower value of TRS than C¢
CMCs, especially for SiC¢/SiC, the value of TRS can be as low as
27 = 7 MPa due to the close CTE of SiC fiber and SiC matrix. With
incorporating SiBC matrix, there would be tensile stress forming on the
matrix, and the value of TRS increases to 47 = 9 MPa for SiC¢/SiC-
SiBC. With the replacement of SiC fiber by carbon fiber, the value of
TRS increases obviously due to more serious CTE mismatch between
carbon fiber and matrix.

4. Discussion

When an object is heated or cooled, its length change by an amount
proportional to the original length and the change in temperature. In
the testing process, the specimens were tested to heated temperature,
and the length change was recorded, and then the CTE can be calcu-
lated by the linear change. The CTE of fiber reinforced single-phase
matrix (a.) can be calculated by Eq. (1). The left and right sides of Eq.
(1) are divided by a; for dimensionless, obtaining Eq. (9).

1
a;  14+EnVa/EtVi

e

1 Im
1+E¢ Vt/Em Vi as

9

According to Eq. (9), the relationship between the a. and the
properties of components (including modulus, CTE and volume frac-
tion) can be depicted in Fig. 6. It can be found that, at the given con-
stants ay, E,,/Er and V,,,/ Vg, the a. increases as a,,, increases. At the given
constants @y, an,, Er and V,,,/V;, the a. increases as E,, increases under the
condition of a,, > a;, while decreases as E,, increases under the con-
dition of a,, < ay. It should be noted that the E, in Egs. (1) and (9)
should take the effective modulus of matrix (EJ) with pores.

As reported, the Young’s modulus of SiC and SiBC matrices are 450
and 305 GPa, respectively [12,14]. Using the data listed in Table 2, the
E} of C¢/SiC, C¢/SiC-SiBC, SiC¢/SiC and SiC¢/SiC-SiBC can be calculated
to be 208, 266, 244 and 369 GPa, according to Eq. (8). It shows that,
with incorporating SiBC matrix, the modulus of matrix increases. Fur-
thermore, the CTE of matrix also increase with incorporating SiBC
matrix. Hence, the CTEs of C-CMC and SiC-CMC should increase with
incorporating SiBC according to Fig. 6. However, as shown in Fig. 4,
with incorporating SiBC, the CTEs of C¢/SiC decrease while the CTEs of
SiC¢/SiC increase slightly.

As shown in Fig. 7a, matrix cracks can be observed in C¢/SiC due to
the large TRS. C;/SiC-SiBC exhibits higher axial TRS than C¢/SiC due to
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Fig. 6. Relationship between the CTE of composite and properties of compo-
nents (modulus and CTE) at a constant volume ratio between matrix and fiber.

the higher processing temperature and higher CTEs of SiBC matrix,
leading to the more matrix microcracks in C¢/SiC-SiBC (Fig. 7b). For
CVI-SiC matrix, the pores can play the role of crack pinning effect to
limit the crack propagation [25]. Only cracks with small opening width
can be found in inter-bundle SiC matrix. With incorporating SiBC ma-
trix into C¢/SiC, the thermal mismatch become more serious, and the
penetrated cracks can be found in the brittle SiBC matrix. At the same
time, due to the larger TRS of C¢/SiC-SiBC than C¢/SiC, the cracks can
penetrate into the intra-bundle matrix, as shown in Fig. 7c. It can be
found that the intra-bundle crack don’t be straight like the inter-bundle
crack, while deflect multiple times resulting from the weak interphase.

As reported [26], during pyrolysis process of manufacturing of C¢/C-
SiC, the crack generation depended on the fiber-matrix interface
strength, and inclined to appear in the microstructure with weak fiber/
matrix strength. The similar phenomenon also can be found in the
present work. As shown in Fig. 7d, when the cracks met the weak in-
terphase, the interphase debonding took place as a result of the low
interface strength.

Different from C;/SiC, the matrix in SiC¢/SiC is under compression,
so no cracks can be observed (Fig. 7e). For SiC¢/SiC-SiBC, the matrix is
under tensile stress, but still no cracks can be found in the dense SiBC
matrix (Fig. 7f) and no f/m debonding occurred in intra-bundle matrix
(the insert of Fig. 7f), indicating that the TRS is too low to induce the
crack generation.

For the present CMCs, pores and cracks exist simultaneously, and
both of them would provide the space for the expansion, which may be
contributed to the reduction of CTEs for C¢/SiC with the incorporation
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Fig. 7. SEM images of all four composites: (a) C¢/SiC, (b) C¢/SiC-SiBC, (c) matrix crack propagation and (d) f/m debonding in intra-bundle of C;/SiC-SiBC, (e) SiC¢/SiC

and (f) SiC¢/SiC-SiBC.

of SiBC matrix. Carbon fiber has lower CTE along axis direction than C¢/
SiC, while SiC matrix shows higher CTE than C¢/SiC. If the matrix is
composed of single SiC phase, the lower porosity means the higher
Young’s modulus of matrix according to Eq. (8), resulting in the higher
CTEs based on the a(SiC matrix) > a(carbon fiber along axial direc-
tion), as shown in Fig. 6. From the view of carbon fiber, it was pulled by
the matrix in the heating process. The lower porosity means the more
matrices with high CTEs, which would lead to higher pull force and the
higher CTEs.

In the present work, the lower porosity of C¢/SiC-SiBC than C¢/SiC
should lead to the increase of CTEs, while the results reveal the reverse
effect. As analyzed in Section 3.4, in the cooling down from processing
temperature to room temperature, due to the CTE mismatch between
carbon fiber and SiC matrix, the SiC matrix experienced tensile stress. If
the tensile stress on the matrix is too large, the matrix cracking will take
place. The thermal expansion of C¢/SiC can be treated as the reverse
behavior of cooling process, and the matrix cracks would be closed
gradually in the heating process. Based on the above analysis, it can be
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concluded that the multiple matrix cracks should be the main factor to
reduce the CTEs of Cg/SiC with the incorporation of SiBC.

Based on the a(SiC fiber) > a (SiC matrix), porosity would play the
oppose effect to the thermal expansion compared with Ce-based com-
posites for SiCq-based composites, as shown in Fig. 6, and the lower
porosity leads to the decrease of CTEs. The CTEs differences between
SiC¢/SiC and SiC¢/SiC-SiBC can be explained as follows. One side, SiC¢/
SiC-SiBC has the lower porosity than SiC¢/SiC, which should decrease
the CTEs. On the other side, the SiBC matrix has the higher CTEs than
SiC fiber, which should promote the increase of CTEs. Based on the
balance between these two factors, the increment of CTEs for SiC;/SiC is
not obvious with the incorporation of SiBC matrix.

Fig. 8 compares the expansion behavior of different composites and
reveals the effect of matrix cracks and fiber/matrix (f/m) deboning on
the CTE of composite. Fig. 8a is a composite without cracks and de-
bonding. In such case, fiber and matrix restrict each other and keep the
same expansion displacement. This expansion displacement is between
the individual expansion displacements of fiber and matrix without
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Fig. 8. Schematic diagrams of expansion behavior of composites: (a) without matrix cracks and fiber/matrix (f/m) debonding, (b) with matrix cracks only and (c)

with matrix cracks and f/m debonding.

constraints based on Eq. (9). Fig. 8b is a composite with matrix cracks
only. The premise of this case is: af < ay. In such case, the fiber at
crack opening is no longer constrained by the matrix. The expansion
displacement of fiber at crack opening is lower than that of fiber closely
bonded to matrix. Therefore, the overall AL in Fig. 8b is smaller than
that in Fig. 8a under the same initial length Lto due to the existence of
matrix cracks. Actually, Fig. 8b is a hypothetical case, and matrix
cracking is often accompanied by fiber/matrix (f/m) deboning due to
the existence of weak interphase. Fig. 8c shows the composite with
matrix cracks and f/m debonding. In such case, the fiber and matrix at
f/m debonding zone are free to each other. Within a certain tempera-
ture range, the larger expansion of debonding matrix than debonding
fiber is offset by crack opening. Compared with Fig. 8b, the overall AL
in Fig. 8c decreases due to the increase of free fiber zone under the same
initial length Lto. Hence, the matrix cracks and f/m debonding can
lower the CTE. For C¢/SiC, the incorporation of SiBC aggravates the
matrix cracking (as shown in Fig. 7), leading to the decrease of CTEs.
For SiC¢/SiC, there is no matrix cracks and f/m debonding, and only
slight difference can be found in the CTEs between SiC¢/SiC and SiC¢/
SiC-SiBC.

5. Conclusions

SiBC matrix was introduced into C¢/SiC and SiC¢/SiC composites by
liquid silicon infiltration, and then the thermal expansion behavior of
SiBC modified CMCs was characterized and compared with unmodified
CMCs.

(1) With the introduction of SiBC matrix into C¢/SiC, the residual ten-
sile stress on the matrix increased from 130 to 160 MPa, leading to
the severe matrix cracks. With the penetration of cracks into intra-
bundle matrix, the interphase debonding took place. Matrix cracks
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and f/m debonding can provide the space for the expansion of
matrix with higher CTEs. Hence, the in-plane CTE (between room
temperature to 1100°C) decreases from 3.65 X 107° to
3.19 x 107 °K* when incorporating SiBC matrix into C¢/SiC.

(2) With the introduction of SiBC matrix into SiC¢/SiC, there is a
transition from residual compressive stress to tensile stress on the
matrix, but the low thermal residual stress cannot lead to matrix
cracking. So the in-plane CTE (between room temperature to
1100°C) increases slightly from 4.97 x 107° to 5.03 x 107 °K*
when incorporating SiBC matrix into SiC¢/SiC.
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