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Abstract

Chemical vapor infiltrated (CVI) and polymer impregnated and pyrolized (PIP) SiC/SiC composites were fabricated

by using highly thermal conductive, sintered SiC fiber. These composites had relatively high thermal diffusivity/con-

ductivity values, which were two or three times larger than those reinforced with Hi-Nicalon or Hi-Nicalon Type S

fibers. The improvement of thermal diffusivity by using this fiber was more noticeable for PIP composites than for CVI

composites. A 2D finite element thermal analysis supported the experimental results, and revealed that highly thermal

conductive SiC fiber was much effective for PIP composites and that the increase of fiber volume worsened CVI

composite thermal diffusivity if low thermal conductive SiC fibers were used.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

SiC fiber-reinforced SiC composites (SiC/SiC) have

been proposed for an advanced structural material for

reactor-blanket modules [1–4]. To reduce thermal

stresses in blanket walls lower than an allowable design

stress, relatively high thermal conductivity is a requisite

property for SiC/SiC composites. For example, the de-

sign of DREAM reactor proposed by JAERI [1,2] re-

quires at least 15 Wm�1 K�1 for the neutron-irradiated

first wall of a blanket whose allowable design stress is set

to 200 MPa. When the degradation of thermal con-

ductivity due to irradiation is taken into account, most

data acquired so far indicate that the requirement is not

satisfied for the cases of chemical vapor infiltrated (CVI)

or polymer impregnated and pyrolized (PIP) composites

[3–7]. The recently developed sintered SiC fiber, which

contains Al additive (<0.6 wt%) for enhancing both

sintering and grain growth, has very high thermal con-

ductivity [8–11]. In this paper, we have studied how

sintered SiC fiber improves the overall thermal diffu-

sivity/conductivity of 3D SiC/SiC composites made with

the CVI or the PIP method. In addition, we have per-

formed 2D thermal analysis with a finite element method

(FEM) for elucidating the experimental results and

testing the effect of varying the thermal conductivity

values for the fiber and matrix constituents on the

composite thermal diffusivity.

2. Experimental

3D fabric preforms, named as Tyrannoe SAC fab-

rics, were woven from amorphous Si–Al–C–O fiber

(Tyrannoe AM fiber, 10 lm diameter) by Ube Indus-

tries. After weaving, they were sintered at a high

temperature (over 1900 �C). The heat treatment was

identical to the heat treatment used to convert AM fiber

into SA fiber, which has thermal conductivity >60
Wm�1 K�1 at RT [9,10]. The above procedures were

employed to enable weaving of the low tensile modulus

AM fiber. Similar procedures were adopted for sintered
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SiC fiber-bonded ceramic, which only consists of hex-

agonal columnar fibers [10,11].

SiC/SiC composites were fabricated by either the CVI

or the PIP method. The fiber X:Y:Z configurations were

nominally 1:1:0.2, 1:1:1, 1:1:4, where the Z-direction was

taken through the thickness of a specimen. Mitsui En-

gineering & Shipbuilding Co., Ltd. performed the CVI-

method at 1200 �C, and Kawasaki Heavy Industries

Ltd. performed the PIP-method, where six cycles of

impregnated polycarbosilane (PCS) were pyrolyzed at

1000 �C followed by the final heat treatment at 1200 �C.
The bulk density, fiber volume and porosity values for

each fiber configuration and fabrication method are

listed in Table 1. Carbon coating between fiber and

matrix to improve mechanical properties was not carried

out for both CVI and PIP. For the PIP, SiC CVD

coating on fibers was performed to protect them from

chemical reactants produced during PIP process.

Thermal diffusivity of a specimen (nominally 10 mm

in diameter and 3 mm in thickness) was measured in

vacuum using the laser flash method (PS-2000, Rigaku

Co., Ltd.). The transient temperature response at the

rear surface of a specimen was monitored with an IR

detector whose sensitive area�s diameter was about 8

mm. The through-the-thickness thermal diffusivity (a)
was determined from a ¼ 0:1388L2=t1=2 [12], where t1=2 is
the time required to reach half of the total temperature

rise on the rear surface of a specimen, and L is the

specimen thickness in the Z-direction. Thermal con-

ductivity was calculated by aCpq, where Cp and q are the

specific heat and the bulk density, respectively. The

specific heat of monolithic SiC [13] was used for the SiC/

SiC composites since a small amount of impurities and/

or additives gives a minor effect on the overall specific

heat, which is also considered relatively insensitive to

composite structures. Some specimens were double-

checked by using a different another laser flash system

(TC-2000, Shinku-Rico Inc.).

3. 2D finite element method

To simulate the laser flash thermal diffusivity mea-

surement, a 2D thermal analysis was performed by using

the FEM code, ABAQUS (Hibbitt, Karlsson & Soren-

sen, Inc.). A rectangular geometry (10� 3 mm) was

meshed with 8-node quadrilateral elements. The front

boundary of the geometry was set to receive a 1 ms heat

pulse of 108 Wm�2, which was experimentally equiva-

lent to about 8 J laser power incident on a 10 mm di-

ameter disc for 1 ms. The heat flux at the rear boundary

was governed by radiation whose emissivity was postu-

Table 1

Bulk density, fiber volume and porosity values of 3D CVI and PIP SiC/SiC composites

CVI SiC/SiC PIP SiC/SiC

X:Y:Z ¼ 1:1:0.2

(��O.)

X:Y:Z ¼ 1:1:1

(�j)

X:Y:Z ¼ 1:1:4

(�r)

X:Y:Z ¼ 1:1:0.2

(��O.)

X:Y:Z ¼ 1:1:1

(�j)

X:Y:Z ¼ 1:1:4

(�r)

Bulk density (g cm�3) 2.85 2.67 2.89 2.57 2.18 2.33, 2.30

Fiber volume (%) 31 37 23 34 37 23

Porosity (%) 10 14 8 13 27 21

Fig. 1. Schematic diagram of fiber configurations. In thermal

diffusivity measurement the laser beam is incident on specimens

along the Z-direction. Top surfaces (XZ plane) of A, B, and C

are meshed for 2D FEM, corresponding to 1D (Z-direction:

through-the-thickness), 2D (XY plane), and 3D fiber configu-

rations, respectively.
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lated 0.5. At the two side boundaries, adiabatic or ra-

diative condition was selected. However, no noticeable

differences were exhibited by either condition. Thermal

diffusivity was calculated from the t1=2-value derived

from a temperature rise curve, which was obtained at

each time step by plotting the temperature averaged

between regions of �4 mm from the center at the rear

boundary, which corresponded to the sensitive area of

the IR detector.

Fig. 1 depicts three fiber configurations. For config-

urations A and B, the thermo-physical properties for

three different fibers (Tyranno SAe [9,10], and Hi-Nic-

alone and Hi-Nicalone Type S [14]) were selected for

studying the effect of fiber volume, configuration, and

thermal conductivity on overall composite thermal dif-

fusivity. The configuration C will help us to understand

the experimental results.

4. Results and discussion

Figs. 2 and 3 illustrate the measured thermal diffu-

sivity/conductivity values for 3D-CVI and PIP SiC/SiC

composites (see Table 1). For fiber configuration

X:Y:Z ¼ 1:1:0.2, the thermal diffusivities at RT and 600

�C were measured with a second laser flash system for

double checking. The data were in good agreement.

In Fig. 2, 3D-CVI SiC/SiC composites with fiber

configurations X:Y:Z ¼ 1:1:0.2 and 1:1:4 had higher

thermal diffusivity and conductivity than that with

X:Y:Z ¼ 1:1:1. The highest conductivity value was more

than 60Wm�1 K�1 at RT and about 36–28Wm�1 K�1 in

the region of 600–1000 �C, which are relatively high

(nearly two times) compared with 2D-CVI SiC/SiC

composites reinforced with other SiC fibers [3–7]. The

high values are comparable to those of sintered SiC fiber-

bonded ceramics synthesized by hot-pressing [10,11].

In Fig. 3, 3D-PIP SiC/SiC composite with fiber

configuration X:Y:Z ¼ 1:1:0.2 had the highest thermal

diffusivity and conductivity (more than 25 Wm�1 K�1 at

room temperature and about 20–17 Wm�1 K�1 in the

region of 600–1000 �C). Similar to 3D-CVI SiC/SiC

composites, these values are also very high (nearly three

times) compared with those of conventional 2D-PIP

SiC/SiC composites [3–7].

Fig. 4 shows the calculated results at 600 �C for

simulating the experimental results of Figs. 2 and 3 by

using the 3D-fiber configuration of Fig. 1(C). Fiber and

matrix density values as well as thermal conductivity

values necessary for the input data of the FEM calcu-

lations were listed in Table 2. Since radial and axial

thermal conductivities of the fibers were assumed to be

identical and thereby both X- and Y-directional fibers

would have the same effect on the Z-directional heat

flow, the experimental 3D fiber configurations were

converted to the computational 2D ones in the XZ plane

of Fig. 1(C). For instance, X:Y:Z ¼ 1:1:0.2, 1:1:1, and

1:1:4 were converted to X:Z ¼ 2:0.2, 2:1, and 2:4, re-

spectively.

For the case of CVI composites, the calculated and

experimental results agreed fairly well when a higher

matrix thermal conductivity was used together with a

higher matrix density. For the case of PIP composites,

several matrix thermal conductivity values at 600 �C
were tested to search for a better agreement. However,

the agreement was acceptable only for X:Y:Z ¼ 1:1:0.2

with the matrix density of 2.38 g cm�3 when using a

matrix thermal conductivity of 15 Wm�1 K�1.

Fig. 2. Through-the-thickness thermal diffusivity/conductivity

of CVI SiC/SiC composites reinforced with 3D Tyranno SAC

fabrics: ��} thermal diffusivity; �jr thermal conduc-
tivity. The data double-checked by other equipment are
also shown (O;.) in fiber configuration X:Y:Z ¼ 1:1:0.2.
Refer to Table 1 for pertinent density, fiber volume and
porosity data.

Fig. 3. Through-the-thickness thermal diffusivity/conductivity

of PIP SiC/SiC composites reinforced with 3D Tyranno SAC

fabrics: ��} thermal diffusivity; �jr thermal conduc-
tivity. The data double-checked by other equipment are
also shown (O;.) in fiber configuration X:Y:Z ¼ 1:1:0.2.
Refer to Table 1 for pertinent density, fiber volume and
porosity data.
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A previous study indicated that flat shape cavities

significantly decreased the thermal conductivity of SiC/

SiC composites [15]. For specimens with porosity more

than 10% (see Table 1), we calculated thermal diffusivity

values under the conditions of rectangular-shaped cavi-

ties distributed in the matrices with the highest density

and thermal conductivity values. The calculated results

for the 10% increase in porosity are also added in Fig. 4

(cal. 2). The experimental and calculated results agreed

fairly well when this porosity correction was applied.

The 10% increase in porosity was comparable to the

difference in porosity between corrected and uncorrected

specimens. Apparently the porosity significantly hin-

dered the Z-directional heat flow.

The models of Fig. 1(A) (1D model) and B (2D

model) were suitable for checking the effect of fiber

configuration and fiber volume on the through-the-

thickness thermal conductivity, and the calculated re-

sults would give us some insight into tailoring composite

thermal conductivity not only for 1D, 2D but also for

3D SiC/SiC composites. Figs. 5 and 6 show calculated

results for CVI and PIP SiC/SiC composites at 600 �C,
respectively. For the CVI case, the fiber volume of

Tyranno SA did not affect the composite thermal diffu-

sivity, whereas for Hi-Nicalon and Type S fibers the

thermal diffusivity was reduced with increasing fiber

volume. Apparently when the 2D (XY) sheets were made

of lower thermal conductive fibers, Z-directional ther-

mal diffusivity was more reduced than that for 1D (Z)

fibers. It should be reasonable since the total area of 1D

fibers normal to Z-direction was smaller than the cor-

responding area of the XY sheets, which directly caused

to reduce the Z-directional thermal diffusion.

For the PIP composites, both 5 and 15 Wm�1 K�1

for matrix thermal conductivity at 600 �C were used

for the input data. High thermal conductive Tyranno

fiber increased through-the-thickness thermal diffusivity

with increasing fiber volume, especially for 1D fibers

configured to Z-direction. However, for the cases of Hi-

Nicalon or Hi-Nicalon Type S fiber, the effect of in-

creasing fiber volume to increase the thermal diffusivity

was positive if a matrix thermal conductivity value of 5

Wm�1 K�1 was used but negative if a matrix thermal

conductivity value of 15 Wm�1 K�1 was used.

The present calculations indicate that when the ma-

trix thermal conductivity has a low value due to low

density and high porosity, highly thermal conductive

SiC fiber strongly increases the composite thermal con-

ductivity. Increasing total fiber volume is beneficial since

both Z- and XY-directions of high thermal conduc-

tive SiC fiber are found contributory although the

Z-directional one is more effective for increasing through-

the-thickness thermal diffusivity. For the case of high

thermal conductive matrix, highly thermal conductive

SiC fiber seems to play a secondary role. Hence,

achieving higher matrix density is more important than

increasing the fiber volume as far as the means for in-

creasing composite thermal conductivity. When using

low thermal conductive SiC fiber in high thermal con-

ductive matrix, the composite thermal diffusivity will be

significantly reduced.

Finally, it should be mentioned that when carbon

interface between fiber and matrix existed, the interface

reduced thermal diffusivity/conductivity transverse to

Fig. 4. Comparison between calculated and experimental re-

sults of through-the-thickness thermal diffusivity for 3D CVI

and PIP SiC/SiC composites at 600 �C. Input data for matrix

density and thermal conductivity values are noted in the figure

for calculation in each case (cal. 1). In addition, porosity (Vp),
was taken into account in some cases (cal. 2).

Table 2

Density and thermal conductivity for fibers and matrixes

Tyrrano SA

fiber [9,10]

Hi-Nicalon

Type S [14]

Hi-Nicalon

[14]

CVI matrixa PIP matrixa

Density (g cm�3) 3.02 3.10 2.74 2.8 2.38 2.10

Thermal conductivity

(Wm�1 K�1)

60 (RT) 18.5 8 67 22 10

34 (600 �C) 16 10 37 15 5

aMatrix densities were estimated from measured bulk density of composite, fiber density, and fiber volume. For CVI matrix thermal

conductivity, CVD SiC values supplied by Mitsui Engineering were adopted. For PIP, the values were assumed for the FEM calcu-

lations.
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the fiber direction mainly due to the imperfect interfacial

thermal contact [16–18]. If there were carbon interface,

the effectiveness of X- and Y-directions of highly thermal

conductive SiC fiber to increase the through-the-thick-

ness thermal conductivity would be much more reduced

than that of Z-direction.

5. Summary and conclusions

The thermal diffusivity/conductivity for 3D-CVI and

PIP SiC/SiC composites was measured by the thermal

flash diffusivity method. For their 3D-SiC fabric pre-

forms, Tyranno SAC, which were made by weaving

amorphous Si–Al–C–O fiber and followed by sintering

at a high temperature over 1900 �C, were used with three
types of fiber configurations X:Y:Z ¼ 1:1:0.2, 1:1:1,

1:1:4. The CVI and PIP SiC/SiC composites exhibited

relatively high values, about 60 and 25 Wm�1 K�1 at

room temperature, respectively, and around 25 and

15 Wm�1 K�1 at 1000 �C, respectively.
2D-FEM thermal analysis was performed to simulate

laser flash thermal diffusivity measurement. In the

analysis, SiC fiber volume and configuration as well as

matrix porosity were taken into account. The agreement

between the FEM results and experimental results was

fairly good for CVI composites where the matrix had a

relatively high thermal conductivity and density. Rect-

angular cavities were introduced into the matrix region

to simulate the effect of porosity on the reduction of the

composite thermal conductivity. Better results were ob-

tained by adding this correction for PIP composites.

The FEM calculations for 1D and 2D composites

reveal that highly thermal conductive SiC fiber can in-

crease composite thermal diffusivity much more effec-

tively when the matrix thermal conductivity is smaller.

Therefore, the use of highly thermal conductive SiC fiber

is quite beneficial for PIP composites for improving their

thermal properties. In contrast, low thermal conductive

SiC fibers significantly decrease the composite thermal

diffusivity with increasing fiber volume when the matrix

conductivity is high, such as the cases of CVI or reaction

sintering/bonding.
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