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Cryogenic properties of Si-Ti-C-O fibre-bonded
ceramic using satin weave
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Mechanical and thermophysical characteristics of Si-Ti-C-O fibre-bonded ceramic produced
by hot-pressing the laminated material of oxidized satin-woven Si-Ti-C-O fibre have been
investigated at room and cryogenic temperatures. The fibre element (diameter: 8 um, fibre
volume fraction: 85 & 1%) constructing the Si-Ti-C-O fibre-bonded ceramic showed a
close-packed structure of the oxidized Si-Ti-C-O fibre mainly composed of fine SiC crystals,
amorphous SiO,-based phase and turbostratic carbon. The Si-Ti-C-O fibre-bonded ceramic
with lightweight (density: 2.45 x 10% kg/m?) and low porosity (<1 vol%) showed a markedly
higher fracture energy (notched, cross-plied specimen: approximately 10 kJ/m?) and lower
thermal conductivity (1/10 the value of stainless steel). The reason why the fibre-bonded
ceramic showed such a low thermal conductivity in spite of very high thermal conductivity
of a pure SiC and carbon could be attributed to the complicated microstructure of Si-Ti-C-O
fibre-bonded ceramics. © 2001 Kluwer Academic Publishers

1. Introduction fibre-bonded ceramic at room and high temperatures,
Ceramic matrix composites (CMCs) reinforced with little information about cryogenic properties has been
continuous fibres have been identified as the mosforthcoming. Moreover, the interior structure of fibre
promising candidate of thermostructural materials, beelement comprising Si-Ti-C-O fibre-bonded ceramic
cause they guarantee a high heat-resistance and anmposites has not been also made clear.
excellent fracture toughness [1-3]. Moreover, the ap- In this work, the cryogenic properties of Si-Ti-C-O
plication of monolithic ceramics and CMCs in cryo- fibre-bonded ceramic and the microscopic structure of
genic field has been recently examined as a thermahe fibre element were also investigated.
insulator [4].

Several years ago research scientists of the Ube .
industries Ltd have developed a unique Si-Ti-C-O fibre-2- Experimental procedure
bonded ceramic that was lightweight and had excel2-1- Material o o
lent oxidation resistance (up to 1580) and high frac- T e Starting material used in this study was Si-Ti-C-O
ture energy [5, 6]. The Si-Ti-C-O fibre-bonded ceramicfibre* which _contalned non-stoichiometric excess of
shows a close-packed structure of raw fibres, with th&arbon of SiC and oxygen of 12 mass %. At the
interstices between the fibres perfectly filled with both{i'St step, the single Si-Ti-C-O fibre [11] (diameter:
the oxide material, which initially covered the raw fi- 8% 0-5 um) bundles were oxidized in ambient air at
bres, and very fine TiC particles<60 nm) uniformity ~ 1000°C for 20 h resulting in an oxide layer of about
dispersed in this oxide material [7]. Moreover a thin 300 nm in thickness on the fibre surface. The eight-
interfacial carbon layer (thickness:15 nm) which is harmess satin weave fabric was prepared from the pre-
turbostratic in structure exists around all the forego-0%idized Si-Ti-C-O fibres. A preform was then pre-
ing fibres. Authors have so far investigated about thé®@reéd by laminating the satin weaves made of the
high-temperature properties of Si-Ti-C-O fibre-bondegPre-oxidized Si-Ti-C-O fibre. The Si-Ti-C-O fibre-
ceramic with such microstructure [8-10]. For example bonded ceramic was produced by hot-pressing the pre-
it was found that the initial strength of Si-Ti-C-O fibre- form in argon atmosphere at 1750 and 40 MPa for
bonded ceramic was retained up to 1400n air and L hour using a hot-press machind.he density, fi-
after heat-treatment up to 15@Din air for 1000 hours. bre volume fraction, and porosity of the material were
These favourable properties make the Si-Ti-C-O fibre-2-45% 0.05x 10_3 kg/m?®, 85+ 1 vol%, and less than
bonded ceramic suited for high-temperature structurat V0%, respectively.
materials that require high efficiency and function-
ality. As noted above, although several studies have Tyranno fibré, LoxM grade, Ube Industries Ltd., Japan.
been performed on mechanical properties of Si-Ti-C-O Model EVHP-R-50, Fujidenpa Co., Ltd., Japan.

0022-2461 © 2001 Kluwer Academic Publishers 1665



: 4 ? 1
X >

In%erst'iée
psi(mainly made of SiO.

/

)

Carbon layer | 1()0_nm

Figure 1 SEM and TEM micrographs showing cross section of Si-Ti-C-O fibre-bonded ceramic; (a) a scanning electron microscope (SEM) micrograph
of Si-Ti-C-O fibre-bonded ceramic; (b) a transmission electron microscope (TEM) micrograph near the fibigte3f@ce of Si-Ti-C-O fibre-bonded
ceramic.

2.2. Measurement Estimation of specific heaC(,) using the specimen
The microstructure of the fibre element constructingwith a size of 10 mm (diameter) by 2 mm (thickness)
Si-Ti-C-O fibre-bonded ceramic was observed by awas carried out at room temperature100°C, and

high-resolution transmission electron microscopyg-  —150°C* by differential thermal analysis. The thermal
erating at an acceleration voltage of 200 kV. conductivity ¢/) was calculated using

The four point bending test was carried out at room — woC >
temperature and-190°C® at a crosshead speed of v =aptp (2)

0.5 mm mirr ! using the unnotched specimen with a sizewherex is the thermal diffusivity which it is determined
of 4 mm (width) by 3 mm (thickness) by 40 mm(length), by the laser flash method, apthe density of Si-Ti-C-O
following JIS R 1601 method for the other conditions. fibre-bonded ceramic.
The loading and supporting spans were 10 mm and
30 mm, respectively. The fracture energy was mea-
sured by the Charpy impact-testing macfiinsingthe 3. Results and discussion
notched specimen with a size of 10 mm (width) by3.1. Microstructure
6 mm (thickness) by 80 mm (length) at room temper-Figs 1 and 2 shows SEM and TEM micrographs, and
ature and-140C,* following JIS K 7077 method for TEM image of the Si-Ti-C-O fibre-bonded ceramic,
the other conditions. The depth of the notch is 3 mmrespectively. The Si-Ti-C-O fibre-bonded ceramic
The fracture energy was calculated using showed a close-packed structure of round columnar fi-
_ bre (see in Fig. 1a) and the interstices among fibres
Fracture energy- E/(2B(W — A)) @ were completely filled with silicon oxide, in which
wherek is the absorbed enerdythe width of the spec-  very fine TiC particles €50 nm diameter) were uni-
imen,W the thickness of the specimen aAdhe depth  formly dispersed (see in Fig. 1b). Moreover, an interfa-
of the notch. For comparison, those mechanical chareial carbon layer (10-20 nm) was uniformly formed
acteristics of zirconium oxide (Zrf), which is one of  around all the fibres. In this study, the microstruc-
the candidates for strong insulating ceramic used in theure of the fibre element comprising the Si-Ti-C-O
cryogenic field, was also evaluated. The fracture surfibre-bonded ceramic was also observed in detail. In
face of Si-Ti-C-O fibre-bonded ceramic was examinedthe fibre element, very fine SiC crystals, partly cov-
by a scanning electron microscops an acceleration ered with a thin carbon layer (carbon ribbon), were
voltage of 10 kV. found to be in coherent existence (see in Fig. 2).
 Model JEM-2010, Jeol-Technics Co., Ltd., Tokyo, Japan, Through selected-area electron diffraction of the fibre
8 This value shows the temperature of specimen in liquid nitrogen. EIemen_t' _'t was found that the (_;arbon ribbon was tur-
T Model CHARAC, Yonekura Seisakusyo Ltd., Japan. (1.16 kg ham-bos'trat_IC In S_trUCture and the SiC CryStaI showed ran-
mer weight, 150 raising angle of the hammer, 188 mm length of the dOm orientation. Furthermore, a small amount of amor-
hammer). phous phase was observed among the SiC crystals and

* This value shows the temperature of specimen that set on the Charpgarbon ribbon. Judging from these observations, the
impact-testing machine after treatment in liquid nitrogen.

T Model JST-T220, Jeol-Technics Co., Ltd., Tokyo, Japan. f This value is lower limit of equipment.
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Carbon ribbon

B: Amorphous SiO,-based phase

Figure 2 The enlarged TEM micrograph showing cross section of Si-

Ti-C-O fibre-bonded ceramic. Figure 3 Schematic representation showing microstructure of the fibre
element.

Si-Ti-C-O fibre-bonded ceramic is comprised of the g9
following elements.

1. Fibre element (about 85 vol%) composed of a mix- 400 ¢ -190
ture of three structural units. (fine SiC crystals, thin
carbon ribbon and amorphous SiBased phase)

2. Interfacial carbon layer around every fibre.

3. SiGx-based oxide matrix (about 12 vol%) includ-
ing TiC particles which exist at the interstices among
fibres.
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Fig. 3 shows the schematic representation of mi-
crostructure of the fibre element comprising the Si-Ti-

. : ol : '
C-O fibre-bonded ceramic. 0 05 1 L5
Displacement/mm
3.2. Mechanical characteristics Figure 4 Typical bending stress-displacement curve of Si-Ti-C-O fibre-

Figs 4 and 5 show typical flexural stress-displacementonded ceramic tested at room temperature-ah@(°C.
curves and the four-point flexural strength of Si-Ti-
C-O fibre-bonded ceramic at room temperature and
—190°C, respectively. The Si-Ti-C-O fibre-bonded ce- genic field, and it is well known as a tough ceramic
ramic showed non-linear fracture behaviour even in awith higher fracture energy compared with other rep-
cryogenic environment. Furthermore, the strength atesentative ceramic. The fracture energy of the Si-Ti-
—190°C was larger than at room temperature. How-C-O fibre-bonded ceramic was very high compared
ever, the difference of test temperatures has neither sigvith the ZrG,. The fractured test specimens of both
nificant influence on the flexural stress-displacemensi-Ti-C-O fibre-bonded ceramic and ZsQ@fter test-
curves nor on the fracture surfaces. On both fracturesig at —140°C are shown in Fig. 8. The composite
surfaces a large amount of fibre pull-out could be obspecimen shows fibrous, “woody” fracture behavior,
served. Fig. 6 shows the typical fracture surface aftewhereas the monolithic specimen shows brittle frac-
the bending test at 190°C. ture behaviour. It has been found that this “woody”
The fracture energy of Si-Ti-C-O fibre-bonded ce-fracture behaviour of the Si-Ti-C-O fibre-bonded ce-
ramic measured by the Charpy impact-testing machineamic was caused by the existence of the interfacial
using the notched specimen at room temperature ancarbon layer around the fibres. The authors have up
—140°C was shown in Fig. 7 together with that of until now investigated only the high-temperature prop-
zirconium oxide (ZrQ)-ZrO, is one of the candi- erties of Si-Ti-C-O fibre-bonded ceramic [5-9]. From
dates for strong insulating ceramic used in the cryo+this information, it has been found that the mechanical
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) ) ) ~ Figure 7 Relation between test temperature and impact fracture en-
Figure 5 Relation between test temperature and four-point bendingergy of Si-Ti-C-O fibre-bonded ceramic, together with that of zirconium
strength of Si-Ti-C-O fibre-bonded ceramic. oxide.

properties of Si-Ti-C-O fibre-bonded ceramic retain Incidentally, the mechanical properties at a cryogenic
the strength at room temperature even when heate@mperature were greater than at room temperature,
to 1400C. From the current work, it was found that whereas fracture morphology was not altered by change
Si-Ti-C-O fibre-bonded ceramic showed excellent me-of temperature. In other words, the change of interfa-
chanical properties at wide-ranging temperatures frontial characteristics at fibre-fibre and/or fibre-matrix was
cryogenic field to ultra-high temperatures. not the main cause of the increase in the mechanical

Figure 6 SEM micrograph showing bending fracture morphology of Si-Ti-C-O fibre-bonded ceramic testé8@C.
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Si-Ti-C-O fibre-bonded ceramic

Figure 8 Specimens of Si-Ti-C-O fibre-bonded ceramic and Zafer the test of fracture energy using the charpy impact testing machiielétC.

properties at cryogenic temperature. The reason why Heat conduction in the ceramic without translation
the remarkable increase in the mechanical propertiesf free conduction electrons is due primarily to the me-
occurs in a cryogenic field has not been clarified, buchanical interaction between molecules (i.e., lattice vi-
it has been assumed that some changes in the thermadations). Because lattice vibrations can be treated as
activation process of the fracture are involved. phonons, thermal transport in solids can be regarded
as energy transport in phonon, and the mean-free-path

3.3. Thermophysical characteristics concept from the kinetic theory of gases is applicable
The thermal conductivity of Si-Ti-C-O fibre-bonded ce- [12]- Through the kinetic theory of gases, the following

ramic is shown in Fig. 9 along with that of other ma- €duation has been proposed.

te_zrials, including a stainless steel (Stainless_stgel, den- K =1/3C,VL 3)

sity: 7.8x 10 kg/m?). As can be seen from this figure,

the thermal conductivity of Si-Ti-C-O fibre-bonded ce- WhereK is the thermal conductivityg, is the specific
ramic is as low as that of ZrQFurthermore, the ther- heat capacityV is the propagation velocity of carrier,
mal conductivity of Si-Ti-C-O fibre-bonded ceramic is andL is the mean free path. Fig. 10 shows the thermal
aboutatenth of that of Stainless steel. What s better, theonductivity and the specific heat of Si-Ti-C-O fibre-
lower the temperature, the lower the thermal conductivbonded ceramic at the temperatures betwe&Ad®*C

ity becomes in a super cryogenic field. The Si-Ti-C-Oand room temperature. The variation of the thermal con-
fibre-bonded ceramic is lightweight, has higher frac-ductivity was approximately consistent with the spe-
ture energy and has lower thermal conductivity givingcific heat. The reason why the thermal conductivity
it great possibilities as a replacement of heavy metalslecreased with decreasing temperature could be at-
used in the cryogenic field. tributed to the decrease in the specific heat. In other
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Figure 9 Temperature-dependence of thermal conductivity of Si-Ti-
C-O fibre-bonded ceramic in the direction through the thickness alon
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Figure 10 Temperature-dependence of thermal conductivity and the T,
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play an important role in the reduction of the thermal
conductivity.

4. Summary and conclusion

The mechanical and the thermophysical characteris-
tics, and the microstructure of Si-Ti-C-O fibre-bonded
ceramic produced by hot-pressing an oxidized satin-
woven Si-Ti-C-O fibre were examined at the temper-
ature between room and cryogenic temperatures. The
results are summarised as follows.

1. The fibre element constructing the Si-Ti-C-O
fibre-bonded ceramic was mainly consisted of fine SiC
crystals, amorphous Sichased phase and turbostratic
carbon.

2. The Si-Ti-C-O fibre-bonded ceramic also retained
high fracture energy at a cryogenic temperature.

3. It was clarified that the thermal conductivity of
Si-Ti-C-0O fibre-bonded ceramic was very low and this
Ynaterial would be usable as a shock-resistant insulating

wall in the cryogenic field.

For reasons mentioned above, the Si-Ti-C-O fibre-
bonded ceramic make it very attractive for replacement
of brittle ceramic or heavy metal components at wide-
ranging temperatures from cryogenic fields to super
high temperatures.
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