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Abstract 37.2 vol.% SiCp/SiC and 25.0 vol.% SiCyw/SiC
composites were prepared by chemical vapor infiltration
(CVI) process through depositing SiC matrix in the porous
particulate and whisker preforms, respectively. The partic-
ulate (or whisker) preforms has two types of pores; one is
small pores of several micrometers at inter-particulates (or
whiskers) and the other one is large pores of hundreds
micrometers at inter-agglomerates. The microstructure and
mechanical properties of 37.2 vol.% SiCp/SiC and 25.0
vol.% SiCyw/SiC composites were studied. 37.2 vol.% SiCp/
SiC (or 25.0 vol.% SiCyw/SiC) consisted of the particulate
(or whisker) reinforced SiC agglomerates, SiC matrix phase
located inter-agglomerates and two types of pores located
inter-particulates (or whiskers) and inter-agglomerates. The
density, fracture toughness evaluated by SENB method, and
flexural strength of 37.2 vol.% SiCp/SiC and 25.0 vol.%
SiCw/SiC composites were 2.94 and 2.88 g/cm’, 6.18 and
8.34 MPa m'?, and 373 and 425 MPa, respectively. The
main toughening mechanism was crack deflection and
bridging.

Introduction

Silicon carbide (SiC) is one of the promising candidate
ceramic materials for a variety of high temperature, high
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stress and severe erosion applications in the aerospace, hot
engine, and energy conversion devices because of its
excellent high temperature properties. However, its low
fracture toughness (2.5-3 MPa m'?) has long hindered this
material from being used for wide applications. One of the
solutions under investigation is to increase its fracture
toughness by changing the microstructure through incor-
porating rodlike SiC particulates or grains [1-6], growing
fine SiC grains [7, 8], and introducing long aspect ratio and
high strength reinforcements [9-11]. The increase in frac-
ture toughness (7.6 MPa m'? evaluated by single edge
notch beam method) with variation of microstructure is
attributed to the enhanced crack deflection and bridging
[1-14]. However, the mechanical characteristics of partic-
ulates (grains), whiskers, and carbon nanotubes toughened
SiC matrix composites need to be much more improved for
further applications.

SiC is a highly covalent, bonded compound and, there-
fore, very difficult to densify. Many attempts have been
made to densify SiC matrix composites. These approaches
include the conventional solid state sintering using boron
and carbon as sintering aids, liquid state sintering using
metal oxides as sintering aids and reaction sintering by
immersing green preforms into the melted silicon [1-3,
6-9, 15-17]. In addition the innovative in situ synthesis
and immersion of green preforms into the Al,O5/Y,03 melt
have been investigated [4, 5, 10, 11, 18]. Chemical vapor
infiltration (CVI) process has been widely used to deposit
SiC matrix within the porous fiber preforms to fabricate the
fiber reinforced SiC ceramic matrix composites [19-22].
Compared with the above-mentioned approaches, CVI
process utilizes low temperature and gas phase route, the
as-received aspect ratio, morphology, and mechanical
properties of reinforcements can be maintained and the
volume fraction of reinforcements can be significantly
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high, which can greatly improve the fracture toughness of
composite [12-14]. However, few works have been made
to densify the particulates and whiskers reinforced SiC
matrix composites by CVL

In this work, CVI is used to deposit SiC matrix in the
porous SiC particulate and whisker preforms to prepare
particulates and whiskers reinforced SiC ceramic matrix
composites (SiCp/SiC and SiCw/SiC), respectively. The
density, microstructure, and mechanical properties of SiCp/
SiC and SiCw/SiC were investigated.

Experimental
Composites preparation

The numerical simulation had shown that the fiber pre-
forms consisted of the small pores and the large pores of
moderate size can be densified into the composites with the
highest density [23]. In this work, the size of S-SiC par-
ticulates (98% f-SiC, WEIFANG KAIHUA, Shandong, PR
China) is dso = 5 pm. The particulates have a faceted
shape. -SiC whiskers (99% pure, Alfa Aesar, MA, USA)
has an average size of 18 pm in length and 1.5 pm in
diameter and a burl profile.

The particulates and whiskers were acid leached to
remove the SiO, and metal impurities. The as-treated par-
ticulates and whiskers were mixed with the liquid poly-
carbosilane (PCS, 99.8% pure, Laboratory of Advanced
Materials, Xiamen University, Xiamen, PR China) 6%
mixed hexane and acetylacetone solution, respectively.
Then the solvent was extracted by a rotary evaporator. The
particulates and whiskers coated with the PCS were cold
pressed to a @50 mm x 1.5 mm piece at 40 and 10 MPa,
respectively. The green density of particulate and whisker
pre-compacts was 68.5 and 47.2%, respectively. Then, the
pre-compacts were crushed and screened to select the
agglomerates. The diameter of both whisker agglomerates
and particulate agglomerates ranges from 200 to 400 pum.
The agglomerates were heat treated at 1473 K for 2 h at Ar
atmosphere. As-heat treated particulate and whisker
agglomerates were cold pressed into the porous preforms
with the dimension of @40 mm x 3.5 mm, respectively.
The particulate or whisker preforms has two types of pores;
one is small pores of several micrometers at inter-particu-
lates (or whiskers) and the other one is large pores of
hundreds micrometers at inter-agglomerates. The volume
fraction of large pores in particulate preforms and whisker
preforms is 45.7 and 47.0%, respectively. The green density
of particulate and whisker preforms, namely, the volume
fraction of SiC particulates and whiskers, was 37.2 and

Reinforcements

Agglomerates

Large pores at multi-junction
pockets of agglomerates

Small pores at multi-junction
pockets of reinforcements

Fig. 1 Schematic diagram of particulate (or whisker) preform
structure

25.0%, respectively. The schematic diagram of particulate
(or whisker) preform structure is shown in Fig. 1.

Chemical vapor infiltration was performed to deposit SiC
matrix in the particulate and whisker preforms for 400 h.
Methyltrichlorosilane (MTS: CH;3SiClz), hydrogen and
argon gas were used as a precursor, a carrier, and dilute gas,
respectively. The flow rate of Ar is 350 mL/min, and the
input gas ratio of MTS, H,, and Ar is 1:40:40. The total
pressure is 5000 Pa. A deposition temperature was 1273 K.
As-received SiCp/SiC and SiCy/SiC composites were
machined into the specimens with the dimensions 3 x 4 x
36 mm® and 2.5 x 5 x 24 mm’, respectively. Then the
SiCp/SiC and SiCy/SiC specimens were further deposited
SiC matrix for 100 h. The SiCp/SiC and SiCy/SiC com-
posites infiltrated SiC for 500 h were used for the following
test and analysis.

Characterization and mechanical tests

Bulk density of SiCp/SiC and SiCy/SiC composites was
measured by the Archimedes method. Microstructure was
observed using scanning electron microscopy (SEM, JSM-
6700F) and transmission electron microscopy (TEM, JEM
3010) together with electron diffraction. The polished
surface was etched with a mixture of molten salts
(NaOH + K3Fe(CN)g) to observe microstructure. A three-
point flexure test with a specimen size of 3 x 4 x 36 mm>
was performed to measure the flexural strength. The span
length and the cross-head speed were 30 mm and 0.5 mm/min,
respectively. Five specimens were tested at room temper-
ature to obtain an average value. Fracture toughness was
measured by the single edge notched beam (SENB) method
with a specimen size of 2.5 x 5 x 24 mm>. The span was
20 mm and the depth and width of the specimen notch was
2.5 mm and less than 0.2 mm, respectively. Five speci-
mens were measured at room temperature to obtain an
average value.
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Results and discussion
Density analysis

Table 1 shows the density of SiCp/SiC and SiCy/SiC
composites. The theoretical density of CVI-SiC, SiC par-
ticulates and SiC whiskers is considered as 3.19 g/cm’. The
density of SiCp/SiC and SiCyw/SiC composites is low
compared to that of SiC matrix composites prepared by the
pressureless sintering (>95% theoretical density) and hot
pressing (>98% theoretical density) [9, 16, 17, 24]. Com-
posites prepared by the CVI process intrinsically have the
significant residual porosity (typically, about 10-15%) by
clogging effects [19-22].

The final density of SiCp/SiC and SiCw/SiC composites
is higher than that of carbon or silicon carbide fiber rein-
forced SiC ceramic matrix composites, because both the

Table 1 The final density of SiCp/SiC and SiCy/SiC composites

Composites Density (g/cm’) Relative density (%)
SiCp/SiC 2.94 92.16
SiCw/SiC 2.88 90.28

Fig. 2 Typical microstructure
and structural schematic
diagram of SiCp/SiC (and SiCyw/
SiC) composites. a A, B, and C
represent the CVI-SiC matrix at
the multi-junction pockets,
close pores at the multi-junction
pockets, and connected SiCp/
SiC (or SiCw/SiC) composites,
respectively. b and ¢ show the
etched surface of connected
SiCp/SiC and SiCw/SiC
composites, respectively. The
arrow shows the closed pores at
the multi-junction pockets of
reinforcements

@ Springer

diameter of particulates (or whiskers) and the diameter of
agglomerates are smaller and more suitable to the CVI
process than that of fiber filaments and bundles [23]. The
relative density of SiCy/SiC composites is improved from
88.72 to 90.28% after employing whisker agglomerates of
moderate size [23, 25]. The final density of SiCp/SiC
composites is higher by 1.88% than that of SiCy/SiC
composites. The particulate preforms is preferable to
achieve a higher final density. The microstructure and
volume fraction of large pores in particulate preforms is
almost same as that in whisker preforms, so the density
gain in the multi-junction pockets of particulate agglom-
erates is the same as that of whisker agglomerates. The
green density of particulate preforms is higher by 12.2%
than that of whisker preforms. Therefore, the density gain
in the whisker agglomerates is much higher than that in
particulate agglomerates.

Microstructure and phase studies

The typical microstructure of SiCp/SiC and SiCw/SiC
composites is shown in Fig. 2. The microstructure of
both materials consisted of the particulate (or whisker)
reinforced SiC agglomerates, SiC matrix phase located
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inter-agglomerates and two types of pores located inter-
particulates (or whiskers) and inter-agglomerates. Fig-
ure 2b and c shows the connected SiCp/SiC and SiCyw/SiC
agglomerates, respectively. It can be seen from Fig. 2b and
c that there are a few closed pores (shown by arrow), and
the particulates and whiskers retain their original faceted
and burl morphology, respectively. This microstructure can
be explained by the structural feature of particulate (or
whisker) preforms. The small pores in the agglomerates
and the large pores among the agglomerates are connected
with each other. The densification takes place simulta-
neously in the small pores and large pores. The infiltration
in the small pores terminates earlier due to its significantly
high accessible surface area. The close pores at the multi-
junction pockets of reinforcements are formed due to the
clogging effect of gas transfer [19-22]. And then densifi-
cation takes place successively in the large pores among
agglomerates at the following stages, resulting in the

Fig. 3 Typical microstructure ™
of SiCw/SiC (or SiCp/SiC)
composites a near the outer
surfaces and b near the center

Fig. 4 HRTEM image of
whisker/matrix interface (a) and
electron diffraction pattern of
whisker (b) and matrix (¢) in
SiCw/SiC composites

deposition of connected CVI-SiC matrix. The porous
preforms are ultimately densified into the composites after
the infiltration in the large pores terminates, and the close
pores at the multi-junction pockets are formed due to the
clogging effect [19-22].

The clogging effect will lead to a density gradient along
the bulk composites and the agglomerates. Figure 3 shows
the microstructure of SiCy/SiC composites near the outer
surfaces and near the center. It can be seen from Fig. 3 that
the density of bulk composites near the outer surfaces is
slightly higher than that near the center and the density of
agglomerates near the outer surfaces is higher than that
near the center.

The crystallization behavior of pyrolyzed PCS dependent
on the temperature had been investigated [26]. The PCS
heat treated at 1473 K produces crystalline f-SiC of 7 nm
grain size and a small amount of carbon [26]. Figure 4
shows the HRTEM image of whisker/matrix interface and
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Fig. 5 The XRD patterns of SiCw/SiC and SiCp/SiC composites.
Open circle SiC

electron diffraction pattern of whisker and matrix in SiCy/
SiC composites. Typical whisker/matrix interface observed
by HRTEM shows no presence of an inhomogeneous
interface phase. As revealed by electron diffraction in
Fig. 4c, PCS pyrolysis produces polycrystalline SiC. Fig-
ure 5 shows the XRD patterns of SiCy/SiC and SiCp/SiC
composites, and only SiC phases are detected. Carbon is not
detected in this work. The different phases in Fig. 2c are the
deposition interfaces in matrix in agglomerates.

Mechanical property studies

The fracture toughness and flexural strength of SiCp/SiC
and SiCyw/SiC composites are reported in Table 2. Both the
fracture toughness and flexural strength of SiCy,/SiC com-
posites are higher than that of SiCp/SiC composites,
although the latter composites have higher density and
volume fraction of reinforcements. This indicates that SiC
whiskers incorporating into the SiC matrix provides better
strengthening and toughening effects than SiC particulates
does.

The fracture toughness of SiCyw/SiC composites
increases with increasing its density due to the decreased

Table 2 Fracture toughness and flexural strength of SiCp/SiC and
SiCw/SiC composites

Composites Fracture toughness Flexural strength
(MPa m'’?) (MPa)

25.0 vol.% SiCyw/SiC 8.34 + 0.27 425 + 32

37.2 vol.% SiCp/SiC 6.18 £ 0.27 373 £ 25

@ Springer

pore size and increased flexural strength [8, 25, 27]. The
fracture toughness of SiCy/SiC composites is higher than
the best data from other studies, which was 7.6 MPa m'"?
for AIN-SiC composites [1-11]. The bonding strength
between whiskers and matrix should be strong enough for
the whiskers to toughen and strengthen matrix due to its
short aspect ratio. Silicon nitride whiskers reinforced
homogeneous silicon nitride ceramic matrix composites
prepared by hot pressing without sintering aids shows a
complete brittle fracture [28]. This is due to the bonding
strength between the whiskers and the matrix is too strong
when there is no inhomogeneous interface phase between
them [8, 28-31]. The aspect ratio of fiber can be considered
as infinitely long. The bonding strength between fibers and
matrix could be weak enough for the fibers to toughen and
strengthen matrix due to its infinitely long aspect ratio.
When there is no pyrolysis carbon interface between the
fibers and the matrix, the bonding strength between them
generated by CVI is too strong, inducing a brittle fracture
of fibers reinforced silicon carbide composites. An appro-
priately strong bonding strength between whiskers and
matrix can improve both the fracture toughness and flex-
ural strength of composites [30]. The aspect ratio of
whiskers in this work is about 12. There is no inhomoge-
neous interface phase between whiskers and CVI-SiC
matrix but the fracture toughness of SiCy,/SiC composites
is significantly improved. It can be concluded that the CVI
process would result in a relatively weak bonding strength
between the SiC matrix and the homogeneous SiC partic-
ulates or whiskers than the sintering process does.

The flexural fracture surface of SiCp/SiC and SiCy,/SiC
composites is shown in Fig. 6. It appeared to be quite
rough with evidence of inter-particulate and transparticu-
late fracture mode for SiCp/SiC composites and inter-
granular and transgranular fracture mode for SiCy/SiC
composites. The burl profile of whiskers can be seen in the
fracture surface, which results in a short pullout length. The
particulates does not show obvious pullout due to its fac-
eted profile. The crack path generated by indentation is
shown in Fig. 7. Crack deflection and bridging are pro-
nounced in both SiCp/SiC and SiCy,/SiC composites. It can
be seen that the crack propagation paths are strongly
influenced by the reinforcement morphology and rein-
forcement orientation to the proceeding crack plane. For
the crack plane normal to the reinforcement axis, the
reinforcements generally rupture and the cracks propagate
across the reinforcements. For the crack plane inclined to
the reinforcements, the cracks deflect along the reinforce-
ments/matrix interface, and then the cracks pass over the
reinforcements when the reinforcement surface is smooth,
or then the reinforcements rupture when the reinforcement
surface is rough and causes stress concentration. Compared
with the toughening contribution to composites by whisker
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Fig. 6 SEM micrograph of
fracture surface of a SiCp/SiC
and b SiCw/SiC composites.
The jagged surface testifies to
higher measured fracture
toughness

Fig. 7 SEM micrograph of
crack paths from Vickers
indentation in a SiCp/SiC and
b SiCw/SiC composites

bridging, that by particulate bridging is not significant
because fracture strength of particulates is much lower than
that of whiskers [14]. The main toughening contribution to
SiCp/SiC is crack deflection because the volume fraction of
particulates is significantly high and the particulates have a
rod-like faceted profile [12]. The main toughening contri-
bution to SiCy/SiC is crack deflection and bridging
because the aspect ratio and fracture strength of whiskers
are significantly high.

The flexural strength of particulates and whiskers
(including carbon nanotubes) reinforced ceramic matrix
composites is limited by the defects, inclusions or grain
size, and increases with increasing its density [, 8, 10, 25,
32, 33]. SiCp/SiC and SiCw/SiC composites have a rela-
tively low flexural strength because there exist inevitable
closed pores at the multi-junction pockets as shown in
Fig. 2 [5, 10, 34]. The relationship of critical aspect ratio
(Lc) and fracture strength (og,) of reinforcement with
interface shear strength (t;) can be described as

LC = O'RU/Z‘L'i (1)

where 1; is equal to the bonding strength between whisker
and CVI-SiC matrix. The fracture strength of whisker can
be as high as 21 GPa. If the stress can be completely
transferred from the matrix to the whisker with critical
aspect ratio of 12, the bonding strength between whisker

and matrix should be as high as 875 MPa. The whisker
with aspect ratio of 12 may not reach the critical aspect
ratio at the given bonding strength between whisker and
CVI=SiC matrix, so the SiCy/SiC composites could not be
effectively strengthened by the whiskers. In addition,
SiCw/SiC composites is not significantly strengthened by
whiskers is partly due to the whiskers that are parallel to
the crack plane cannot have much stress transfer from the
matrix [35, 36].

Conclusions

SiCp/SiC and SiCw/SiC composites were prepared by the
CVI process through depositing SiC matrix in the porous
particulate and whisker preforms, respectively. The par-
ticulate or whisker preforms has two types of pores; one is
small pores of several micrometers at inter-particulates
(or whiskers) and the other one is large pores of hundreds
micrometers at inter-agglomerates. SiCp/SiC (or SiCyw/
SiC) consisted of the particulate (or whisker) reinforced
SiC agglomerates, SiC matrix phase located inter-
agglomerates and two types of pores located inter-partic-
ulates (or whiskers) and inter-agglomerates. The high
volume fraction of rod-like faceted particulates and the
relatively weak interface bonding strength between
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particulates and matrix result in the improved fracture
toughness of SiCp/SiC, which is as high as 6.18 MPa m'?,
mainly owing to crack deflection. The high fracture
strength and long aspect ratio of whiskers and the relatively
weak interface bonding strength between whiskers and
matrix result in the improved fracture toughness of SiCy/
SiC, which is as high as 8.34 MPa m"? mainly owing to
crack deflection and bridging. The relative density of SiCp/
SiC and SiCw/SiC composites was 92.16 and 90.28%,
respectively. The flexural strength of SiCp/SiC and SiCy/
SiC composites was 373 and 425 MPa, respectively. The
relatively low flexural strength of SiCp/SiC composites is
mainly due to its low density. The relatively low flexural
strength of SiCy/SiC is mainly due to its low density,
relatively low bonding strength between whisker and
matrix and the randomly oriented whiskers that are parallel
to the crack plane cannot have much stress transfer from
the matrix. SiC whiskers incorporated into the SiC matrix
provides better strengthening and toughening effects than
SiC particulates does.
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