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Abstract

Tough ceramic matrix composites, such as SiC/SiC, require a compliant reinforcement/matrix interface coating. The deposition of desired
interface coatings on small diameter fibers in SiC/SiC composites is a substantial challenge and costly. A new carbon-rich source gas,
ethyltrichlorosilane (ETS), was used to fabric SiC/SiC composite with eight harness satin-woven Hi-Nicalon fabric cloth as reinforcement
by the chemical vapor infiltration (CVI) process. A graphite fiber/matrix interlayer was spontaneously formed in the material from the ETS
during the CVI matrix densification process, resulting in the composite having a sound interfacial shear stress of 86 MPa. The composite
showed a high proportional limit stress of 45065 MPa and an ultimate flexural strength of 56775 MPa, coupled with ductile fracture
behavior. This study indicates that the costly interfacial coating process might be omitted when ETS is used as source gas for SiC/SiC
composite.
© 2004 Elsevier Ltd and Techna S.r.l. All rights reserved.

Keywords:B. Composite; C. Mechanical properties; D. SiC; Chemical vapor infiltration; Ethyltrichlorosilane

1. Introduction of the materials, is closely dependent on the fiber/matrix in-
terfacial shear/sliding strength. A weaker fiber/matrix bond-
There has been a strong interest in ceramic matrix com-ing is prone to crack deflection at the interface while, in
posites (CMC) for a variety of high-temperature, high-stress order to take advantages of the high strength of the compos-
applications in aerospace, hot engine and energy conversiorite fiber reinforcement, the interface must be strong enough
[1-4] because the fracture tolerance of monolithic ceram- for effective load transfer between the fiber and the matrix.
ics can be readily improved by the incorporation of rein- Fortunately, this interfacial shear/sliding strength can be ad-
forcements fibers, whiskers, and/or particles. The reinforce- justed to the required range through the deposition of a com-
ment/matrix interphase plays a critical role against catas- pliant fiber/matrix interfacial coating layer(g—9].
trophic failure for the CMC, especially for continuous fiber A compliant interlayer is necessary for tough SiC/SiC
reinforced ceramic matrix composites (CFCC). In a CFCC, composites. Carbon remains the most effective interphase
a transverse matrix crack can be deflected with energy dis-material[10,11] However, the deposition of desired inter-
sipation occurring via several mechanisms as addressed byace coatings on small diameter fibers has proved to be a
Besmann et al[5]: debonding at the fiber/matrix interface, substantial challenge for a variety of processes including so-
crack deflection, crack bridging by the fibers, fiber sliding, lution, sol-gel, and chemical vapor depositi&h.
and eventual fiber fracture. These energy—dissipating mecha- In this study, a new carbon-rich source gas, ETS
nisms provide for improved apparent fracture toughness and(C,HsSiClz), was used rather than the more widely used
result in a non-catastrophic mode of failure. Obviously, the gas, methyltrichlorosilane (MTS, G3iCl3) that contains
performance of these mechanisms, and thus the performancequal carbon and silicon atoms, to fabricate a SiC/SiC com-
posite with automatic graphite interfacial layer formation.
. ) . . The interlayer structures, interfacial shear strength (ISS)
- Egrlr_ezzr;o_gg'_;g?;ﬁhor‘ Tek+81-298-59-2739; and mechanical properties of the material under three-point
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2. Experimental The pushout specimen was cut from the composite with
one of the fiber bundles perpendicular to the cut surfaces,
2.1. Composite process and was carefully ground and polished at both surfaces with

diamond paste to reduce the thickness-ttbhOum. The fi-
Eight harness satin-woven as-received Hi-Nicalon fiber nal polish grain size wasidm. Totally 22 single fibers per-
clothes (Nippon Carbon, Japan) were used as the reinforcependicular to the polished surface were pushed out through
ment. The fibrous preform was prepared with eight layers of the thickness of the specimen to extract the ISS.
the fiber cloth in 0-90stacking and compressed by a set of

graphite fixtures to keep a fiber volume fraction-e40%. 2.3. Three-point bending test
The size of the preform was 40 mm in diameter and 2.0 mm
in thickness. Bending bars were prepared from the composite. The bars

The composite was fabricated using a conventional were cut parallel to one of the fiber bundle directions of the
isothermal-CVI systenfil2], which contains a vertical hot  fabric cloth using a diamond wheel and both the tensile and
zone. The preform was located in the hot zone within a compression surfaces were carefully ground using diamond
graphite tube, as shown schematicallyFig. L ETS, which slurry. The final dimension of the bars was 30 rloy x
was carried by hydrogen through a typical bubble system at4.0 mm(W) x 1.5 mm(T). Three-point bending tests (with a
constant hydrogen flow rate 1000 sccm and a volume ratio support span of 18 mm) were conducted on three specimens
of ETS to hydrogen 0.1, was introduced into the furnace at room temperature to derive the strength of the composite.
from the bottom of the preform. Thermal decomposition of The crosshead speed was 0.0083 mm/s.

ETS and SiC matrix deposition would occur in the preform
during the CVI process. The process temperature and total2.4. Microstructure characterization
pressure were 100@ and 14.7 kPa. And the densification

process continued for 20 h. The cross-section and pore distribution in the fabricated
composite were inspected by means of a scanning elec-
2.2. Single fiber pushout test tron microscopy (SEM, JSM-6100). The microstructure and

the fiber/matrix interlayer were examined by means of a
Single fiber pushout tests were carried out to extract the high-resolution transmission electron microscopy (HRTEM,
ISS using a load controlled micro-indentation testing sys- JEOL JEM-2010F) as well as the SEM. The fracture sur-
tem with a Berkovich type diamond pyramidal indenter. The faces, with interfacial debonding and fiber pullouts, were
maximum load of the indenter is 0.88 N. Detailed experi- examined by the SEM.
mental procedure can be found elsewH@&ie The ISS was

defined as:
F 3. Results and discussion
ISS= (1)
(Dt)

3.1. Microstructure and interface layer in the composite
whereF is the onset load for fiber pushout to ocddrandt
are the fiber diameter and specimen thickness, respectively. The composite showed a density (from the mass and vol-
ume of the composite) of 2.42 mg?mFig. 2ashows the
“arbon plate heater SEM image of the cross-section of the composite, in which
Carbon hot chamber relatively large pores (several tens to over 1®@in length)

are evidency. These pores generally locate at the intersec-

tions or between the 0 and 90iber bundles. Due to the
i , stain-woven texture of the reinforcement, simple stacking
holder TR in 0-90 of the fabric layers often results in large pores in
the preform at the intersections or between the fiber bun-
dles. During the CVI process, SiC matrix did not sufficiently
c . filled in theses areas, resulting in those relatively large pores
~omposite . . . H
preform in Fig. 2a More appropriate arrangement between the fabric
Direction Ia_lyers_ anc_i/or improved efficiency Qf the_ CVI_ matrix den-
sification is necessary for composite with higher density.
Nevertheless, the higher magnification SEM imagig.(2b)
shows that the intra-fiber bundle areas were rather well filled

by the matrix phase. The total porosity of the composite is
Thermocouple Ingas  Out gas ~17%.

ETS +H,
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Fig. 1. Schematic configuration of the hot chamber and gas flowing of ~ Fig. 3shows the TEM image of the microstructures of the
the CVI process. fiber, matrix and interlayer of the composite as well as re-
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Fig. 2. SEM images of the cross-section (a) and intra-fiber bundle pores
(b) of the composite.

lated selected area electron diffraction (SAD) patterns. The
fiber has a poly-crystgd-SiC structure, as is well known.
The TEM image and the SAD of the matrix indicate a
highly-crystal -SiC structure with the growing direction

A: Hi-Nicalon™ fiber
B: Graphite layer
C: CVI-matrix

Fig. 3. TEM image and SAD patterns of the fiber, the matrix, and the
interlayer.
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| Graphite |

Fig. 4. HRTEM image showing the granular graphite structure of the
interlayer.

radially away from the fiber. Between the fiber and the ma-
trix, the image clearly shows the existence of an interfacial
layer. The SAD taken from this area indicates a graphite
structure, which is confirmed by the HRTEM imaded. 4).
During the CVI process, following basic chemical reactions
occurred13].

C,Hs5SICl3 + Ho = SiC+ 3HCI 4+ CHg
CH4 = C+ 2Hy

Extra carbon was produced from above second reactions. As
known from the experimental section, the Hi-Nicalon fibers
are as-received ones. No fiber coating was pre-deposited
before the CVI process. Therefore, it is believed that the
graphite layer was formed during the CVI process owing to
the extra carbon from above reactions. The thickness of the
graphite layer is~180 nm. The detailed mechanism of the
formation of the graphite interlayer currently remains un-
clear. However, the thickness of this graphite layer showed
some process conditions dependence, especially at the ini-
tial stage of the CVI. As mentioned before, compliant in-
terlayer(s) is necessary for tough SiC/SiC composites, this
study indicates that ETS might be a good source material for
the fabrication of CVI-SiC/SiC composites with automatic
formation of graphite interlayer, provided further studies on
the control the thickness of this layer.

3.2. Fracture behavior and flexural strength

Fig. 5 shows the load—displacement curves, which dis-
plays several common features among the three specimens:
an initial linear region, reflecting the elastic response of the
materials, followed by a non-linear domain of deformation,
due to the matrix cracking, interfacial debonding and fiber
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Fig. 5. Load—displacement curves. various Hi-Nicalon/SiC composites.

sliding, and failures of the fibers. A significant fraction of _ o o _
fibers failed after the specimens achieved their load maxi- tow to act like ropes thus providing sufficient reinforcement

mums, beyond which the specimens showed certain levelsto carry the load at the onset of matrix lofib]. Further
of down-hill side load till large displacement. The fracture Studies on the composites revealed that the thickness of this
surfaces showed interfacial debonding and sound fiber pull-layer is also important in determining the performance of
outs fracture behaviors, as typically shown in the inserted the materiald6,7]. A recent efforts on a systematic study
SEM image inFig. 5. on the effects of graphite interlayer thickness on the flex-
The proportional limit stress (PLS) and ultimate flexu- ural properties of 2D CVI-Hi-Nicalon/SiC composites has
ral strength (UFS) of the composite were derived from the been reported7]. Those composites were fabricated using
load—displacement curves and are liste@iable 1 The UFS MTS. The graphite interlayers of different thickness in the

was determined according to simple beam theory as: composites were deposited using an isothermal CVI coating
3 pL process prior to the fabrication of the composites. Including

UFS= -— (@) the strengths of present composite in their results to relate
2WT? the PLS and UFS to the graphite layer thickness resulted in
whereP is the flexural loadL is the load-supporting span  Fig. 6, which indicates a just-fit PLS but a slightly lower UFS
(18 mm).W andT are the width and thickness of the spec- of the present composite according to the strength-graphite
imen, respectively. The PLS is the stress corresponding tothickness trends. However, considering the relatively large
a 0.01% offset straifil4]. The average PLS and UFS are error bars, such a difference in the UFS is not signifi-

450+ 65 MPa and 56# 75 MPa, respectively. cant. This indicates that SiC/SiC composites from ETS
would not suffer from significant change/loss in strength

3.3. Effect of the graphite interlayer but with the advantage of spontaneous graphite interlayer
formation.

Tough ceramic matrix composites require a compliant
reinforcement/matrix interlayer. Initially, there was litle 3 4 |nterfacial shear strength and its effects on PLS
concern with regard to the thickness of the graphite layer in
a SIC/SIC composite. It was assumed that the fibers were  rhe composite exhibited incatastrophic failure behavior
long and the entanglements in the bundles would allow the (gjg 5) with interfacial debonding and sound fiber pullouts
at the fracture surface, indicating a reasonable interfacial
Table 1 bonding strength. To confirm this, the ISS was investigated

Density, interfacial structures, and mechanical properties of the compositesUSing single fiber pushout tests, and the result is given in
Table 1 The average ISS is 8619 MPa, which is far smaller

(Dr:g,snlgg I(:tne]glayer Flexu_ral strengh 'S8 P than that of a Hi-Nicalon/SiC composite (568591 MPa)
Specimen PLS (MPa) UFS (MPa) from MTS, in which no interlayer was deposité8]. The
No. 1 521 637 high ISS of latter composite caused a brittle failure of the
No. 2 433 577 material with rather low and same value of PLS and UFS,
No.3 395 487 91+ 18 MPa. While, the ductile fracture behavior of present
2.42 180 Average 450+ 65 5674+ 75 86+ 19 ETS-composite with markedly improved strengths, 450

(graphite) 65 MPa and 56& 75 MPa for PLS and UFS, respectively,
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is because of the moderate ISS, which is owing to the spon-

taneous formed graphite interlayer.

Inghels and Lamofil6] have developed a theoretical ap-
proach to predict the strength of unidirectional SiC/SiC com-
posites upon flexural loading from the properties of the fiber,
matrix and the interface. Yang et §B] applied the theory
to calculate the PLS of plain-woven Hi-Nicalon fabric cloth
reinforced CVI-SiC/SiC composites with a simple assump-
tion that the 90 bundles could be regarded as ‘matrix’, and
an empirical coefficient<(=0.66), defined from a compar-
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alternative source material (in stead of MTS) for the fab-
rication of CVI-SiC/SIiC composites with advantage of
spontaneously formed graphite interlayer (the additional
interlayer deposition process might become unnecessary in
this case). However, further studied on the detailed mecha-
nism of the spontaneously formation of the graphite inter-
layer is necessary for the controlling the thickness of the
layer.

ison between the model prediction and experimental results A cknowledgements

for their composite system:

PLS= Kopl's ©)
whereagfs is the theoretical prediction giving by:
1/3
m o (_ 12mEvAss )Y
OPLST R\ EcE2 (1= Vp — V)ry
o ((EctEr A 4V, \V3 @
2FE¢ Vf/ 3E: + Ef Vf/

where yn, is the surface energy of CVD-SIC, which was
given as 25 J/f[16]. En andE; are the Young’s modulus
of the matrix and the fiber, 400 and 270 GPa for typical
CVI-SiC matrix and the Hi-Nicalon fiber, respectively;
andV, are the volume fractions of the ®@undle fibers and
porosity, which are 20 and 17% for the present composite,
respectivelyE; is the composite modulus determined from
the law of mixture:

Ec=EtVi + Em(1— Vo —V}) (5)

UsingEgs. (3)—(5)the PLS of present composite was cal-
culated to be 389 MPa. The calculated value is slightly lower
than the experimental observatiofaple ). The model, as
well as the empirical coefficienk = 0.66, was derived
from a family of SiC/SiC composites with plain-woven re-
inforcements. Further modification of the model is neces-
sary for an improved estimation of the strength of SiC/SiC
composite from ETS with eight harness satin-woven cloth
reinforcement.

4. Conclusions

A new source gas, ETS, was used for fabricating a SiC/SiC
composite with eight harness satin-woven Hi-Nicalon cloth
as the reinforcement. A spontaneous graphite interlayer
formation was observed in the composite during the CVI
matrix densification, which was attributed to the extra
carbon from the thermal decomposition of the ETS. This
graphite interlayer adjusted the interfacial shear strength to

a reasonable range, and therefore, yielded the composite

with ductile fracture behavior and high flexural strength
of 450+ 65MPa and 56# 75MPa for PLS and UFS,
respectively. This study indicates that ETS might be an
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