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Abstract

Thermal diffusivity measurements for 3D-SiC/SiC composites reinforced with either Tyranno SA or Hi-Nicalon
Type S fibers were performed by laser flash method. The 3D weaves with several X:Y:Z fiber configurations were di-
rectly woven from each fiber bundle, and the SiC composites were fabricated by either isothermal CVI or PIP/CVI
process. For the 3D-Tyranno SA-CVI and -PIP/CVI composites the measured thermal conductivity values were 40-50
W/mK and 35-40 W/mK at RT, respectively, and about 24 and 18 W/mK at 1000 °C, respectively. For the 3D-Hi-
Nicalon Type S-CVI composites, the values were about 36 and 20 W/mK for RT and 1000 °C, respectively. These fairly
high thermal conductivity values were attributable to their high fiber and matrix densities. The influence of the 3D-fiber
configuration on the overall composite thermal conductivity was observed in the temperature range less than 600 °C.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

SiC fiber-reinforced SiC composites (SiC/SiC) have
potential for a structural material for the blanket wall of
advanced fusion reactors [1-4]. Under heavy thermal
loads of the reactors, it is essential to reduce thermal
stresses in the wall so that SiC/SiC composites are ex-
pected to have as high a thermal conductivity (K.) as
possible [1,2]. When conventional fibers such as Nicalon
fiber were used, K.-values of SiC/SiC composites fabri-
cated with chemical vapor infiltrated (CVI) or polymer
impregnated and pyrolized (PIP) process were not high
enough, around 10 W/mK for CVI or less than that for
PIP even at RT [3-7]. It is known that recently devel-
oped SiC fibers, i.e., Tyranno SA and Hi-Nicalon Type
S, have achieved higher fiber thermal conductivity (K;)
than previous fibers [8§-11]. We have already reported
that 3D-SiC/SiC composites reinforced with Tyranno
SAC preforms, which were obtained by sintering 3D-
weaves of amorphous Si-Al-C-O fiber, exhibited K-
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values higher than the conventional ones due to the high
fiber density and crystallized SiC structure of the sin-
tered preforms [12]. The reason for using the amorphous
Si—Al-C-O fiber that is the starting material of sintered
SA fiber [8,9] was that it was easy to weave the 3D
preforms due to the low stiffness and tensile modulus.

As for the next step, in this study, we have employed
3D-SiC preforms directly woven with Tyranno SA fiber
and measured their thermal diffusivity, and compared
their K .-values with the previous ones. In addition, we
also have made 3D-SiC/SiC composites with 3D fabric
preforms directly woven with Hi-Nicalon Type S fiber
and compared their K.-values to those of the Tyranno
SA-SiC/SiC composites.

2. Experimental
2.1. Specimen preparation

3D-preforms were directly woven with either Tyr-
anno SA fiber (10 um diameter) or Hi-Nicalon Type S
fiber (13 pm diameter) by Shikibou Ltd., Japan. The
X:Y:Z fiber configurations of 3D-preforms were selected
as 1:1:0.09, 1:1:0.2, 1:1:0.45, and 1:1:1.23 for Tyranno
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SA fiber, and 1:1:0.22, 1:1:0.44, and 1:1:1.2 for Hi-Nic-
alon Type S fiber, where the Z-direction was taken
through the thickness of the specimen. For fabricating
3D-SiC/SiC composites with Tyranno SA fiber, iso-
thermal CVI (performed at Mitsui Engineering &
Shipbuilding Co., Ltd., Japan) and PIP/CVI (performed
at Kawasaki Heavy Industries Ltd., Japan) were adop-
ted.

For the PIP/CVI composites, the role of CVI was to
protect the preforms with CVD SiC layer from chemical
attacks of reactive species produced in PIP processing.
The CVD thicknesses on the fiber estimated from weight
gains were rather thick (3.3-3.8 pm) compared to the
previous study (1.7-2.4 pm) in which we noted it as PIP
[12]. In this study, we accurately note it as PIP/CVI. In
addition to increasing CVI thickness, the number of
repeated PIP process was increased to 10 times, whereas
the previous one was 6 times. These difference resulted in
making SiC/SiC composite densities higher, i.e., about
2.71-2.81 g/cm?3. The porosity of the PIP/CVI compos-
ites decreased from 80% to 30% by CVI processing and
from 30% to <10% by 10 times PIP processing. The fiber
volumes were about 34% for all PIP/CVI composites. A
100-150 nm carbon coating was applied to the SA pre-
forms prior to PIP/CVI process to improve mechanical
properties.

For the CVI SiC/SiC composites, the Tyranno SA
specimen densities ranged from 2.82-2.88 g/cm® and
their fiber volumes were about 34%. The carbon coating
was also applied to the SA preforms prior to CVI, whose
thicknesses were estimated to be 0.2-0.3 pm. The Hi-
Nicalon Type S specimen densities were above 2.9 g/cm?,
and their fiber volumes were about 40%. A nominal 120
nm carbon was directly coated on the Hi-Nicalon Type
S fiber prior to weaving the preforms.

2.2. Thermal diffusivity measurement

The specimen size was nominally 10 mm in diameter
and 2.5-3.5 mm in thickness. Through-the-thickness
thermal diffusivity was measured in vacuum using the
laser flash method (TC2000, Shinku-Riko, Inc.). The
details of the measurement were described in the previ-
ous paper [12].

When the incident laser power for thermal diffusivity
measurement is not uniformly distributed in the lateral
direction, a measured thermal diffusivity value depends
on specimen thickness even if the specimen is homoge-
neous. When the power distribution has a peak in the
center, a thermal diffusivity value becomes larger than
the true value. Using reference specimens of pure Al and
SUS304, the ratio of the reference values of thermal
diffusivity to the values measured in our laser flash sys-
tem at RT was determined as a function of specimen
thickness. It is revealed that the ratio was nearly 80% for
the severest case, i.e., 2-3 mm specimen thickness. We

have corrected each measured thermal diffusivity value
by multiplying the ratio as a function of specimen
thickness.

3. Results and discussion

In Fig. 1 are shown the measured composite thermal
diffusivity and conductivity values for 3D-Tyranno SA-
CVI SiC/SiC composites. The thermal diffusivity values
increased with increasing Z-directional fiber configura-
tion, namely X:Y:Z=1:1:0.09, 1:1:0.2, 1:1:1.23 in order,
except X:Y:Z=1:1:0.45. The tendency became evident in
lower temperature region. The K -values also exhibited a
similar dependence. It should be noted that although the
X:Y:Z=1:1:0.09 specimen had the highest specimen
density, it had the lowest values of the thermal diffusivity
and conductivity. It is also noticeable that the
X:Y:Z=1:1:045 and X:Y:Z=1:1:1.23 specimen, which
had similar specimen densities, exhibited a large differ-
ence in their thermal diffusivity/conductivity. In Fig. 2
are given the measured composite thermal diffusivity
and conductivity values for 3D-Tyranno SA-PIP/CVI
SiC/SiC composites. Similar to the result of the CVI
composites, the X:Y:Z=1:1:0.09 specimen exhibited the
lowest values, although it had the highest density. The
X:Y:Z=1:1:1.23 specimen with the lowest density had
the lowest values when the X:Y:Z=1:1:0.09 specimen
was excluded.

The PIP/CVI composites reached approximately 80%
of the K -values of the CVI ones. These are fairly high in
comparison with the previous PIP SiC/SiC composites
whose densities ranged 2.18-2.57 g/cm?® [12]. The in-
crease in both the CVD SiC layer thickness and the
number of PIP cycles caused the specimen densities to be
higher (2.71-2.81 g/cm?), and resulted in higher thermal
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Fig. 1. Through-the-thickness thermal diffusivity/conductivity
for CVI SiC/SiC composites reinforced with 3D-Tyranno SA
weaves: O [0 ¢ V thermal diffusivity; @ B 4 V thermal
conductivity.
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Fig. 2. Through-the-thickness thermal diffusivity/conductivity
for PIP/CVI SiC/SiC composites reinforced with 3D-Tyranno
SA weaves: O [0 ¢ V thermal diffusivity; @ B ¢ 'V thermal
conductivity.

diffusivity and conductivity than the previous ones. The
K.-values of SiC/SiC composites at RT obtained from
the present and the previous study are given in Fig. 3. It
is indicated that the K -values increase with increasing
specimen density and that most of the measured K.-
values increase with increasing ratio of Z-directional
fiber configuration when specimen densities are above
2.71 glem?®. The CVI composites reinforced with Tyr-
anno SAC weaves had the highest K -values, where the
SAC preforms, which were obtained by sintering 3D-
weaves of amorphous Si-Al-C-O fiber at a temperature
exceeding 1900 °C, have a better thermal conductive
condition than the Tyranno SA weaves directly woven
from SA fiber. In addition, the carbon coating was ap-
plied to the SA weaves at <1300 °C, which leads to a

70 T T T T
E [ 3D-SiC/SiC Composites 40
= 60 [ (Room Temperature) ]
E 0.2e¢
£ WCVISA 0.45 ]
2 Oroppcvisa 4 °'2\§ w23
S @®CVISAC N~ Hom .0-2
'§ 40 | OPIP SAC 107 \"0.09]
o 0.09 0:45
< 30F U ]
5 20 1 02
.'E F O 4\ b
10 e L s

2 2.2 24 2.6 2.8 3
Specimen density (glcma)

Fig. 3. Measured thermal conductivity values at RT vs. speci-
men density. Specimens: B CVI-SiC/SiC composites with 3D-
Tyranno SA weaves, [1 PIP/CVI-SiC/SiC composites with
3D-Tyranno SA weaves, ® CVI-SiC/SiC composites with 3D-
Tyranno SAC weaves, O PIP-SiC/SiC composites with 3D-
Tyranno SAC weaves. The numbers in the figure stand for Z
values in the 3-D fiber configuration of X:Y:Z=1:1:Z.
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Fig. 4. Through-the-thickness thermal diffusivity/conductivity
for CVI SiC/SiC composites reinforced with 3D-Hi-Nicalon
Type S weaves: [1 ¢ V thermal diffusivity; B ¢ V¥ thermal
conductivity.

poor quality of pyrolytic carbon. The graphitization of
pyrolytic carbon generally starts at >1500 °C[13,14]. If a
pyrolytic carbon with low thermal conductivity as well
as imperfect thermal contact at the interface exists, they
would worsen the overall thermal conductivity [15,16].

Fig. 4 illustrates the measured composite thermal
diffusivity/conductivity values for 3D-Hi-Nicalon Type
S-CVI SiC/SiC composites, whose specimen densities
were higher than those of 3D-Tyranno SA-CVI SiC/SiC
composites. The obtained K.-values were about 80% of
the Tyranno SA composites, and appeared higher than
the expected since the K;-value of Hi-Nicalon Type S is
considerably lower than that of Tyranno SA (see Table
1). It can be ascribed to the difference in the matrix
densities of two composites. Youngblood et al. have also
reported that the Hi-Nicalon Type S-SiC composites
with higher bulk density obtained higher K.-values than
Tyranno SA SiC composite [17]. The small effect of Z-
directional fiber configuration on the K -values for the
case of Hi-Nicalon Type S is also understandable be-
cause the fiber volumes are almost the same here and the
matrix thermal conductivity (K,) plays a more signifi-
cant role in increasing K. than K; does. Since high
density Hi-Nicalon Type S-CVI SiC/SiC composites
have high K -values, they might be a good candidate
material for advanced fusion reactors, since they also
exhibit good radiation resistance [18].

There is no way to directly measure the K,-values.
We can estimate them by using simple models: When
matrix and fiber bundle are assumed to be configured
either in parallel or in series to the heat flow, K .-values
are given as

K. = ViK; + (1 — V;)K,, (parallel), (1)

1/K. = V;/K; + (1 — V;) /K (series), (2)
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Table 1

Matrix thermal conductivity values estimated by the simple parallel or series model of heat flow using the measured composite thermal

conductivity values and fiber volumes®

Measured composite

Fiber TC (W/mK)®

Matrix TC (W/mK) Matrix TC (W/mK)

TC (W/mK) by parallel model by series model

Tyranno SA CVI

(RT) 45 64 35 39

(1000 °C) 24 32 20 21
Tyranno SA PIP/CVI

(RT) 38 64 25 31

(1000 °C) 18 32 11 15
Hi-Nicalon Type S

CVI

(RT) 36 18 48 108

(1000 °C) 20 9 27 107

?The fiber volumes were chosen 34% for Tyranno SA-CVI and Tyranno SA-PIP/CVI, and 40% for Hi-Nicalon Type S-CVI

composites.

°The fiber thermal conductivity values at RT supplied by fiber producers from Ref. [8—11]. There are no data at 1000 °C so that a

half of RT values were assumed.

where J; is the fiber volume, and both porosity and
volume of carbon layer were neglected since the former
was <10% for both PIP/CVI and CVI composites, and
the latter was estimated <2%. In Table 1 are given the
K,-values estimated from the measured K.-values and
the K;-values specified by the fiber producers [8-11]. It
appears that K, calculated by parallel method is more
consistent in Table 1. We have previously calculated
thermal diffusivity values of SiC/SiC composites by
using a finite-element method [12,19]. That method
reveals that when using highly thermal conductive SiC
fiber, such as Tyranno SA fiber, the Z-directional com-
posite thermal diffusivity of SiC/SiC composites with a
low K,,-value is increased with increasing either the total
fiber volume or the Z-directional fiber volume [12] and
that the 3-D fiber network with a high K;-value could
enhance the Z-directional heat flow via heat-piping [19].
The results of the parallel model and FEM calculations
correspond to the experimental results that in 3D-SiC/
SiC composites the component with higher thermal
conductivity mainly contributed to the K, through the Z-
directional heat flow via the 3D-heat-pipe effect.

The K.-values obtained in this study were fairly high
(nearly 20 W/mK at 1000 °C), but still are not high
enough when the degradation of K. due to radiation
damage is taken into account, which would lead to a
decrease of probably 50% from unirradiated values at
1000 °C [5]. There may be a possibility that K,-value
would increase up to 60-70 W/mK at RT similar to the
K;-value of Tyranno SA fiber by means of increasing
matrix density, but the increase of K,-value at 1000 °C
may not be highly expected. Reactor designs have re-
vealed that the mechanical strength and thermal con-
ductivity of the first wall are simply related [1,2].

Therefore, if the K.-value cannot meet the design
requirements, for example, an irradiated value of 15 W/
mK for DREAM, which would correspond to 30 W/mK
for unirradiated value, the design value for mechanical
strength must be increased. The present allowable stress
is 200 MPa [1,2], and may need to be increased 50%,
i.e., to 300 MPa. When a safety factor of 2 is desired,
then 600 MPa will be required for the tensile strength. In
the near future, this value might be realized in some
combinations of preforms and fabrication processing
[18].

4. Summary and conclusions

The thermal diffusivity/conductivity of 3D-CVI and
-PIP/CVI SiC/SiC composites was measured by a laser
flash method. The preforms of the 3D-SiC weaves were
directly woven with Tyranno SA fiber or Hi-Nicalon
Type S fiber. For the Tyranno SA weaves the 3D-fiber
configurations (X:Y:Z) were 1:1:0.09, 1:1:0.2, 1:1:0.45,
1:1:1.23, and for the Hi-Nicalon Type S ones they were
1:1:0.2, 1:1:1, 1:1:4.

The specimen densities slightly decreased with
increasing Z-directional fiber fraction. These decreases
diminished both thermal diffusivity and thermal con-
ductivity values, especially for larger Z values. When
densities are similar, specimens with larger Z values
appear to have higher thermal diffusivity/conductivity,
especially in the low temperature range (less than 600
°C). From the viewpoint of thermal properties, there-
fore, SiC/SiC composite with high density and large Z-
directional fiber fraction would be preferable when the
mechanical properties are not taken into account.
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The thermal conductivity value required by fusion
designs is still high when the degradation of thermal
conductivity due to radiation damage is taken into ac-
count. Both thermal and mechanical properties need to
be optimized to achieve the fusion designs.
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