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Abstract

SiC ®ber-reinforced SiC matrix composites (SiC/SiC) are being considered as a candidate structural material for

fusion reactors because of their low induced radioactivity by 14 MeV neutron irradiation and high-temperature

strength. Material development of SiC/SiC composites, including SiC ®ber, matrix and interphase processing for fusion

reactor applications, has been under investigation for several years. The purpose of this paper is to present an overview

of current research in material development, properties and irradiation response of new SiC/SiC composites. Several

technologically critical issues to be solved for fusion applications, such as irradiation resistance, thermal properties,

environmental e�ects, hermeticity, joining technique and protective coating are also reviewed. Ó 2000 Elsevier Science

B.V. All rights reserved.

1. Introduction

SiC ®ber-reinforced SiC matrix composites (SiC/SiC)

are being considered as a candidate structural material

for fusion reactors because of their low-induced radio-

activity by 14 MeV neutron irradiation, their excellent

high-temperature strength, and corrosion resistance [1±

3]. Also, b-SiC exhibits very low swelling (<0.2%) after

neutron irradiation over the temperature range of 800±

1000°C [4], which corresponds to the temperature region

for high thermal e�ciency when using a gas turbine

system. The high thermal e�ciency is one of the ad-

vantages of an SiC/SiC material system [5].

While these composites are relatively new materials

with a limited database, there is su�cient understanding

of their performance to identify key issues in their ap-

plication. These issues include mechanical properties,

radiation stability, nuclear transmutation, thermal con-

ductivity, mechanical and thermal fatigue, thermal

shock, hermeticity, compatibility with coolant, joining

and design methodology. Material requirements for fu-

sion reactor applications have been reviewed in previous

reports [1±3]. This paper reviews the current status of

SiC/SiC composites for fusion reactor applications. It

also discusses the environmental e�ects on ®bers and

composites, including the e�ects of oxidation and com-

patibility with breeding materials and neutron multipli-

ers. Critical issues related to nuclear environment are

still present. These issues are mainly related to ®ber and

matrix stabilities under neutron irradiation and to the

relatively poor thermal conductivity of SiC/SiC. Other

issues including creep and technological issues such as

joining and coating will also be reviewed.

2. Material requirements for fusion reactor applications

There are three general fusion reactor design con-

cepts using SiC/SiC composites. These are ARIES-I [6]

Journal of Nuclear Materials 283±287 (2000) 128±137

www.elsevier.nl/locate/jnucmat

* Corresponding author. Tel.: +81-22 217 7923; fax: +81-22

217 7925.

E-mail address: akira.hasegawa@qse.tohoku.ac.jp (A. Ha-

segawa).

0022-3115/00/$ - see front matter Ó 2000 Elsevier Science B.V. All rights reserved.

PII: S 0 0 2 2 - 3 1 1 5 ( 0 0 ) 0 0 3 7 4 - 3



designed by USA, DREAM [7] designed in Japan and

TAURO [8] in the EU. High-pressure helium-gas cool-

ing systems with a solid breeding and moderator blanket

system were considered in the ARIES-I and DREAM

designs. Material issues for the gas cooling blanket

systems were reviewed by Jones et al. [1]. Liquid

lead(Pb)±17lithium(Li) was proposed as a combined

coolant, neutron multiplier, tritium breeder and carrier

in the TAURO design. Due to safety considerations,

relatively low-pressure Pb±Li was utilized. A previous

paper reviewed the material performances for each re-

actor design [2]. Strength of about 300 MPa and a

thermal conductivity of 15 W/mK were used in this re-

actor design studies. Based on recent material develop-

ment, better material performance can be expected in the

near future.

In the construction process of a fusion reactor, portions

of the blanket component made of SiC/SiC composites will

be fabricated from simple shape pieces and attached to the

blanket module. Joints having enough strength and leak

tightness will be required in a high-pressure gas cooling

system. Joining and sealing techniques, using low activa-

tion materials will be required to retain the low activation

advantage of SiC/SiC composites.

3. Current status of material developments

3.1. SiC ®ber

The ®ber is the primary load-bearing element in

continuous ®ber ceramic matrix composites and ®ber

texture is also an important factor to design composite

parts for particular loading conditions. Polymer derived

SiC ®bers such as Nicalon (Nippon carbon), Tyranno

(Ube Heavy Industries) and Sylramic (Dow Chemical)

have enough strength and ¯exibility to weave into com-

plicated shape fabrics. The microstructure of ®rst gen-

eration Nicalon-CG and Tyranno Lox-M ®bers

consisted of small (2 nm) b-SiC crystallites surrounded

by a large amount of amorphous phase of SiCxOy . After

irradiation these ®bers shrunk due to crystallization of

the amorphous phase. Residual oxygen and carbon ac-

celerated shrinkage of SiC ®bers [1]. The ®ber shrinkage

caused debonding between ®ber and matrix, which re-

sulted in a decrease of the strength of SiC/SiC composites

[9]. Dimensional stability of ®ber under irradiation is one

of the important issues for development of irradiation

resistant composites. Fig. 1 shows the density changes of

several types of ®bers after neutron irradiation [10]. Dow

Sylramic, which is an oxygen free and stoichiometric SiC

®ber, showed a smaller amount of volume change after

irradiation while Nicalon-CG and Tyranno shrunk after

irradiation. These results suggested that low oxygen free

and stoichiometric ®bers may lead to improve resistance

to irradiation-induced volume changes. Recrystallization

of the amorphous part of SiC ®ber also decreases ®ber

strength at high temperature. Therefore, for fusion and

high-temperature applications, oxygen-free, stoichio-

metric SiC ®bers are utilized now.

Using electron curing and pyrolysis of polycarbosi-

laine ®ber, a low oxygen and stoichiometric SiC ®ber (Hi-

Nicalon type S) has been developed [11]. Tyranno SA by

higher temperature heat treatment is also an oxygen free

and stoichiometric ®ber [12]. Table 1 shows the physical

properties of these SiC ®bers [13,14]. Hi-Nicalon type S

and Tyranno-SA have relatively lower tensile strength

but higher tensile modulus (420 GPa) and higher thermal

conductivity compared to other ®bers.

Fig. 2 shows the strength of these SiC ®bers after heat

treatment in argon [15]. These results show that Tyr-

anno-SA has the best heat resistance of these ®bers. It

reveals that this type of ®ber extends the temperature

region in which composites perform without ®ber

damage. In 1999, these ®bers became commercially

available, and composite studies using these new ®bers

will appear in the near future. Kohyama et al. [5] pre-

sented a comparison of fabrication cost and future

prospects of these ®bers in this conference. Sylramic

(Dow Chemical) also has good high-temperature prop-

erties, but it contains 2 wt% boron and 0.4% nitrogen

[16]. Boron will transform and generate He in neutron

environments and nitrogen has a long-lived isotope,

therefore, reduction of these elements will be required

for fusion applications.

3.2. Interphase

The ®ber/matrix interfacial layer or the interphase

plays a critical role in the performance of ceramic matrix

composites. The interphase must retain favorable high-

temperature properties in an irradiation, oxidizing or

corrosive environment. Optimization of the interphase is

an important factor to improve the mechanical proper-

ties of SiC/SiC composites. If the interfacial bond be-

Fig. 1. Density as a function of fast neutron ¯uence for four

SiC-based ®bers.
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tween SiC ®bers and SiC matrices is too strong it will not

impede on-coming cracks and the composites will fail in

a brittle manner. For a weak interface, a crack in the

matrix can lead to debonding or crack de¯ection at the

interface, crack bridging, ®ber fracture, and ®nally ®ber

pull out. All these additional energy absorbing phe-

nomena lead to an enhanced fracture toughness and a

non-catastrophic failure mode. Some key issues for the

interphase are material, thickness and coating methods.

Carbon single layer, porous SiC and multilayer SiC in-

terphases have been studied. By examining dependence

of bending strength of composites on carbon coating

thickness, the optimum carbon coating thickness was

found to lie in the range of 0.17±1 lm [18,19,66] (see Fig.

3). Droillard et al. [67] and Rebillat et al. [68] studied

fracture toughness of SiC/SiC composites using various

multilayered interphases to control interface strength

and suggested that higher toughness was obtained with

those composites possessing strong interphases. Ber-

trand et al. [69] and Snead et al. [17] reported crack

de¯ection behavior of SiC±C multilayered composites.

Multilayered interphases can replace the single pyrolitic

carbon interphase [69]. Degradation of the ultimate

bend stress was observed for all materials studied, while

the matrix microcracking stress was unchanged, and the

multilayer SiC interphase material exhibited the least

degradation in ultimate bend stress, while the porous

SiC exhibited the greatest degradation [17]. Irradiation-

induced microstructural evolution of the interphase was

not performed. Phase stability of the interface is also an

important parameter for fusion applications.

3.3. Matrix and composite processing

Several fabrication processes for SiC/SiC composites

have been under investigation for more than 10 years.T
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Fig. 2. Tensile strength of SiC-based ®bers after heat treatment

in Ar for 1 h [15].
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The chemical vapor in®ltration (CVI) process is cur-

rently viewed as the industrial leader [1,20], but the CVI

process is slow with many inherent di�culties such as

cost and substantial residual porosity. The properties of

CVI-processed composites using Hi-Nicalon S ®bers

were presented in this conference [21]. The polymer

impregnation pyrolysis (PIP) process is simple and rel-

atively lower cost process compared to the CVI process.

Also, the PIP process allows the manufacturing of larger

and more complex shapes. However, multiple processing

cycles are required to produce a dense part. Some results

of PIP-processed composite using advanced ®bers have

been presented [22±26]. A hybrid process combining

CVI and PIP is under investigation [27] because it may

provide better control of matrix densi®cation and shape

of the part.

The reaction sintering (RS) process realizes full

density, near net shape, complex shape capability, and

high thermal conductivity [28]. A high-temperature

(1447°C) heat treatment is required in the RS-process to

melt silicon (Si) into fabrics. Reduction of the residual

Si-phase in the matrix, interphase and ®ber optimization

are the remaining issues of RS-processed composites for

fusion applications. The chemical vapor reaction (CVR)

process, a potentially less expensive process method is

being developed to obtain high thermal conductivity

Table 2

Typical properties of various types of unirradiated SiC/SiC composites

Method Fiber Vf (%) Bulk

density

(g/cm3)

Heat

resistant

temperature

(°C)

Tensile

strength

(MPa)

Work of

fracture

(kJ/m2)

KIC

(MPa m1=2)

Thermal

conductivity

(W/mK)

CVI

(DuPont)

Hi-Nicalon

2D

40 2.7 217/336a ± ± ±

Nicalon 2D 40 2.5 200 30± 3 (inplane, RT)

2.5 (through

thickness, RT)

CVI [33] Nicalon 2D 36 2.3 1200 215/280 ± 27±29 �7 (RT )1000°C)

CVI (SEP) Nicalon 2D 40 2.5 285 30 3 (inplane, RT)

2.5 (through

thickness, RT)

PIP Tyranno 3D

[36]

35±39 2.4 1200 400a 4.3±8 11.5±16 ±

Nicalon

2D [37]

35 2.3 1420 240/460a ± ± ±

PIP DOW/

Kaiser

Nicalon 2D 40 2.1 207/366a ± 43 (inplane, RT)

RS [32] Hi-Nicalon

UD

30 3.0 1359 500 6.4 ± 50 (RT)

30 (1000°C)

Fiber-bond-

ed ceramics

(Tyranno-

hex)

Tyranno UD,

2D [34]

90 2.5 1500 450±550, UD

190±210, 2D

8.9 46.2 4.5 (RT)

Tyranno-

SA UD [35]

>90 ± 1500 600a 1.2 ± 50 (RT)

25 (1400°C)

a Bend strength.

Fig. 3. E�ect of carbon coating thickness on three-point

bending strength [19].
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through the thickness of composites [29,30]. Hot pressed

(HP) composites have also been studied in an e�ort to

obtain higher density [31].

Table 2 lists some typical material properties of

currently available SiC/SiC composites [1,32±37]. Bend

strength of Tyrannohex UD composites achieved up to

600 MPa [19]. Fiber selection and composite processing

are the key parameters to achieve high strength with

high fracture energy. Density is also process dependent.

Generally, RS-processed composites have the highest

density, (up to 3.0 g/cm3) and thermal conductivity (up

to 50 W/mK). The newly developed ®ber Tyranno-SA,

which exhibits high temperature resistance, can be uti-

lized where higher processing temperatures are required,

such as RS.

Hermeticity of composites is an important issue for

fusion applications, because the blanket structure is a

pressure boundary for high-pressure helium cooling gas

in the SiC/SiC blanket system. To improve hermetic

properties, open pore and long cracks must be closed. A

leak-tight CVD-SiC coating has been considered as a

hermetic barrier [17]. Polymer-in®ltrated and pyrolized

SiC coatings also have been studied as a gas permeation

barrier of CVI-processed composites [38]. Further

studies are required to obtain a hermetic coating for a

high-pressure gas system.

3.4. Thermal conductivity

As is shown in Table 1, stoichiometric SiC ®bers have

high thermal conductivity. Thermal conductivity of

composites processed by CVR [29,39] or by RS [28]

showed relatively higher thermal conductivity compared

to that of PIP and CVI-processed composites because of

their low porosity. Appropriate weave texture can im-

prove anisotropy of thermal conductivity of composites.

Densi®cation of the matrix is one of the key parameters

to improve the thermal conductivity. Yamada [39]

showed the density dependence on thermal conductivity

of SiC/SiC composites fabricated by CVI process.

Thermal conductivity was shown to increase with sam-

ple density and it was suggested that localized large

cavities had a worse e�ect on the thermal di�usivity than

smaller size pores distributed in the whole volume [39].

To improve thermal conductivity, matrix processing for

porosity control and densi®cation are required for fu-

sion applications.

4. Irradiation e�ects

4.1. Monolithic SiC

The temperature dependence of irradiation-induced

swelling of monolithic SiC is summarized in Refs. [1±

4,70,71]. At temperatures below about 100°C, SiC

readily becomes amorphous under irradiation. The

critical temperature above which amorphization does

not occur is about 100°C for the electron irradiation and

300°C for ion irradiation [1,40]. In the case of neutron

irradiation, Snead [41] reported that the critical tem-

perature was estimated to be greater than 125°C. The

temperature dependence of volume swelling is summa-

rized in Fig. 4 [4]. Swelling, due to accumulation of point

defects, decreases with increasing irradiation tempera-

ture. A minimum of swelling about 0.2% was observed

at irradiation temperatures between 800°C and 1000°C.

Above 1000°C, void swelling due to vacancy migration

and coalescence of vacancy cluster appears in SiC. The

irradiation response in this temperature range is very

important for fusion applications because it corresponds

to the operating temperature. Unfortunately, there is

only a small amount of data for this temperature range.

Transmuted helium may also enhance void formation in

SiC. Therefore, understanding of the swelling behavior

at high temperature with transmuted helium is required.

4.2. SiC ®ber

The radiation response of SiC-based ®ber was re-

ported by Youngblood et al. [10] and Osborne et al. [72].

Advanced ®bers, such as Nicalon-S and Tyranno-SA,

have stoichiometric compositions and high crystallinity.

Therefore, these ®bers are expected to be behaving

similarly to monolithic SiC during irradiation. As was

mentioned earlier, changes that can account for ®ber

density increases include: (1) relaxation of amorphous

structure, (2) crystallization, or (3) loss of oxygen. These

®bers are currently under irradiation in HFIR, under the

Japan-US collaboration program (JUPITER), with the

Fig. 4. Volume swelling of SiC as a function of irradiation

temperature.
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expected dose to be 5 dpa at 300°C, 500°C and 800°C. It

will be possible to investigate the e�ects of radiation in

the near future.

Irradiation creep behavior of SiC ®ber (SCS-6) under

the 14 MeV deuteron irradiation has been studied by

Scholz [42] using a torsional creep method. SCS-6 is a

SiC ®ber produced by depositing SiC on a carbon ®ber

substrate by CVD technique. The grain structure and

orientation of the resulting b-SiC sheath are similar to

that of the matrix of SiC/SiC composites produced by

CVI. Therefore, the results can be considered to have

similarities to the creep behavior of matrix SiC. Signif-

icant irradiation-induced creep enhancement in the

temperature range 450±1000°C was reported. The irra-

diation creep rate was constant in the temperature range

from 900°C to 1000°C almost from the beginning of the

irradiation. A transient creep rate region was observed

below 800°C. Irradiation creep of advanced SiC ®bers

was reported by Scholz and Youngblood using the BSR

method with combined 9 MeV protons at temperatures

of 600°C and 800°C [43]. The bend stress relaxation

(BSR) test of SiC ®bers is also under irradiation at

800°C up to 5 dpa in HFIR.

4.3. SiC/SiC composites

Neutron irradiation e�ect studies on SiC/SiC com-

posites have been mainly limited to SiC-®ber-reinforced

composites containing earlier types of oxygen contain-

ing, polymer-derived SiC ®bers. Irradiation e�ect data

for newly developed composites, made with advanced

®bers are not yet available at this moment. In the case of

the conventional composites Nicalon/C/CVI-SiC,

Youngblood et al. reported that the fracture strength

decreased rapidly with increasing ¯uence plateau at

about 5 dpa with little further decrease up to 80 dpa [44].

Snead and Kohyama compared bending strength of

three composites containing Nicalon, Hi-Nicalon and

Nicalon-S ®ber, respectively after neutron irradiation up

to 1 dpa in HFBR [45]. A slight increase of the bend

strength for Nicalon-S composites was observed, while

30±35% and 5±10% reduction of strength was observed

in the Nicalon and the Hi-Nicalon composites, respec-

tively [45]. In an e�ort to obtain better radiation resis-

tant, SiC composites, fabricated using various

processing methods and advanced SiC ®bers are being

developed. Irradiation experiments are in progress.

Previous works revealed a decrease in thermal con-

ductivity of SiC after irradiation which was caused by

small defect accumulation [2,9]. However, the magni-

tude of the reduction of thermal conductivity decreased

with increasing irradiation temperature. Only a small

amount of data on the thermal conductivity change at

operating temperature currently exists [73]. A tentative

result of thermal conductivity change for CVD-SiC

during neutron irradiation was reported by Yamada and

Snead [46] using TRIST-TC1 experiment in HFIR,

which was conducted by the Japan±US collaboration

program. The thermal conductivity of monolithic CVD

b-SiC decreased in the early stage of irradiation and

saturated. The saturated thermal conductivity was about

35% of the initial value of SiC for 700°C irradiation.

4.4. Transmutation gases

Transmutated He gas e�ects have been simulated

using He implantation or simultaneous He-ion and

heavy-ion irradiations. Calculation of the total amount

of transmutated He based on fusion reactor material

design was carried out by Noda [47]. The Helium/dpa

ratio is predicted to be about 100 appm/dpa in ®rst wall

region of the solid breeding blanket system when using

SiC/SiC composite as the structural material. Helium is

an insoluble element in almost all the solid materials,

and it stabilizes vacancy type clusters. It may enhance

void swelling of SiC under fusion reactor conditions.

As the threshold energy of He production by neutron

induced transmutation is several MeV, a high concen-

tration of He in SiC has not been obtained by ®ssion

reactor irradiation. Therefore, accelerator irradiation

experiments have been used to study helium e�ects.

Single-, dual-, or triple-beam experiments have been

conducted to investigate helium e�ects on microstruc-

tural evolution. The microstructural development of a

composite containing advanced ®ber fabrics below

800°C was not clearly observed, probably because the

irradiation temperature was too low for helium to move

and to cluster [48,49], but small cluster defects were

observed. Helium di�usion behavior and microstruc-

tural observation of SiC/SiC composites, SiC ®ber and

monolithic SiC were reported by Hasegawa [50]. Helium

in carbon phases becomes mobile between 500°C and

800°C and, in the SiC phase, becomes mobile above

900°C or 1000°C. In the higher temperature region, the

He desorption rate of SiC ®ber becomes much larger

than monolithic SiC. This result is consistent with a

previous di�usion study by Jung [51]. These results

suggested that helium might be mobile in C and the

amorphous like Si±C phase in composite in the range of

the expected reactor operating temperature. Further

systematic irradiation experiments are required at tem-

peratures above 1000°C.

Mechanical property changes were investigated using

high energy He implantation by cyclotrons [52,53].

Bending tests of SiC/SiC composites after high-temper-

ature implantation (950°C) up to a helium concentration

of 2500 appm showed a mean 38% decrease of strength.

The load±displacement curve that exhibited signi®cant

decrease of the values of the maximum de¯ection was

also seen [52]. Swelling of the SiC matrix and shrinkage

of Nicalon ®ber were reported by Scholz [54]. Decrease

in strength was observed at about 150 appm implanta-
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tion at temperatures ranging from 400°C to 800°C [53].

These results indicate that the typical post matrix-

cracking toughening mechanisms of interphase sliding

during ®ber pull-out process may be degraded by helium

implantation. Microstructural observations of He-im-

planted SiC/SiC composite were reported by Hasegawa,

as shown in Fig. 5 [55]. Helium bubbles were neither

observed at the interface between matrix/interphase (C)

and between ®ber/interphase (C) nor in the SiC ®ber

after about 10 000 appm helium implantation at room

temperature and annealing at 1400°C. Bubbles were

observed only at grain boundaries in SiC. Helium de-

sorption results can explain this microstructure. More

research is required to clarify the mechanical property

degradation of SiC ®bers and composites by helium.

5. Environmental e�ects

5.1. Oxidation

Several mechanisms to explain environmentally in-

duced crack growth of SiC/SiC at elevated temperatures,

with varying amounts of oxygen have been proposed

[56]. One mechanism is de®ned as the oxidation em-

brittlement mechanism (OEM), and the other is the in-

terphase removal mechanism (IRM). For OEM,

oxidation results from the formation of SiO2 that either

grows on the surface of exposed ®bers and weakens

them, or bond the ®ber to the matrix, leading to pre-

mature failure of bridging ®bers. For IRM, crack

growth occurs by the active oxidation and less of the

carbon interphase. The IRM mechanism occurs at low

concentrations of O2 where the SiO2 formation rate is

too low to seal cracks. It is expected that fusion will

operate within the IRM regime.

Interphase oxidation in SiC/SiC composites at vary-

ing partial pressures of oxygen was reported by Gian-

nuzzi [57]. A microstructural study on crept SiC ®ber

and SiC/SiC composites in argon gas containing low

partial pressure of oxygen using high-resolution electron

microscope was reported by Shibayama [58]. They re-

ported SiC debonded by self-decomposition of SiC ®ber

at a quite low oxygen concentration. A previous model

based predictions of the environment-de®ned life-time of

SiC/SiC composites assumed that IRM was operative.

However, it will be necessary to verify the speci®c crack

growth mechanism for SiC/SiC under fusion relevant

conditions.

5.2. Compatibility

The compatibility of SiC/SiC commercial composites

with solid breeder beds in fusion relevant conditions was

investigated [59,60]. Solid Li4SiO4 and Li2TiO3 were

used for the exposure experiments. The composite sur-

face was coated uniformly with a CVD-SiC coating with

thickness about 0.1lm. The cells were operated with

Li4SiO4 and Li2TiO3 up to 10 000 h at 800°C in ¯owing

He containing 1000 ppm H2 gas. After 10 000-h expo-

sure to Li4SiO4, lithium metasilicate was found on the

samples. Fig. 6 shows a cross-sectional observation of

the exposed SiC/SiC composite. The original SiC coating

was present after exposure but it transformed slightly.

Slight changes of the mechanical properties were also

reported at di�erent temperatures. In the case of expo-

sure to Li2TiO3, the protective coating was partially

eroded after 10 000 h of exposure. The SiC layer was full

Fig. 5. TEM micrographs of SiC/SiC composites after helium

implantation and annealing at 1400°C for 1 h: (a) SiC ®ber/

carbon coating; (b) carbon coating/SiC matrix; (c) SiC matrix.
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of voids and cracks across its entire thickness. In spite of

these changes, the mechanical properties of the com-

posites did not change signi®cantly, indicating the bulk

was not damaged after 10 000-h exposure.

The chemical reactivity of SiC/SiC composites with

Be and Li oxide breeder materials was studied by

Kleykamp [61]. a-SiC/Be/a-SiC pellets were annealed in

a closed cylindrical refractory metal capsule for 10 days

at 700°C and 900°C. No indication of an incompatibility

between Be and SiC was reported after the 700°C an-

nealing, whereas, at 900°C, a two-phase Be2C±Si was

observed on the SiC surface of the pellet, because Be2C

and Si are in thermodynamic equilibrium at 1000°C.

Powder reaction experiments were also made between a-

SiC and Li4SiO4, LiZrO3 and LiTiO3 pellets in a quartz

tube furnace at 700°C for two weeks under static argon

gas. No reaction between a-SiC and the Li ceramics was

observed. The development of a protective coating on

SiC/SiC to prevent Be di�usion into the SiC at reactor

operating temperature will be required in the breeding

blanket. Only limited data are available on the com-

patibility of SiC/SiC with respect to Pb±17Li. The data

are from a test performed at 800°C in stagnant liquid

Pb±17Li using 2D SiC/SiC composites.

One important technical issue for reactor engineering

is joining, as required for fabrication of large and

complexly shaped blanket parts. Candidate joining ma-

terials for fusion systems are as follows: (1) melt in®l-

trated and reaction-formed SiC, (2) preceramic-polymer

derived SiC, (3) low activation, high-temperature glass-

es, (4) in situ reinforced silicides and (5) high-tempera-

ture braze. Singh [62] has reported on reaction-forming

methods of SiC/SiC composites. The ¯exural strength of

the joints were about 150 MPa at RT and about 217

MPa at 1350°C. For calcia±alumina glass±ceramics

joints, which have been studied for joining and coating

materials [63,64], the strength of the joint was 28 MPa at

room temperature. The use of a high-temperature ad-

hesive based on Ceraset preceramic polymer was re-

ported by Fareed [65]. Bend strength of joints using

Ceraset was about 40±60 MPa at 1100°C and at room

temperature, respectively. The strength of these joints

were weak compared to the strength of composites.

Improvement of joint strength is required for applica-

tion to gas cooled reactor systems. Irradiation behavior

of these joints will also require studying.

A coating for hermeticity is also an important issue

for a gas cooled reactor system. In the ARIES-I design,

CVD-SiC coatings were considered. Glass±ceramics can

be versatile joining or coating materials with tailorable

thermal and mechanical properties; in addition, they are

not a�ected by oxidation and can be self-sealant at

temperatures above the glass softening point. A eutectic

composition in the binary phase CaO±Al2O3 glass has

been studied for joining and coating materials because it

has a high characteristic temperature with B and Li. The

coated composites did not seem to be a�ected after 140 h

at 800°C in contact with a ceramic breeder [63].

6. Summary

The current status and critical issues of SiC/SiC

composites for fusion applications have been reviewed.

1. Material developments. Advanced SiC ®bers, which

are expected to have high radiation resistance, have

been developed commercially, and the optimization

of composite forming process using these advanced ®-

bers is on-going.

2. Irradiation e�ects. Irradiation response up to 1 dpa of

new advanced composites have been obtained. Irradi-

ation experiments to doses above 10 dpa on these

newly developed composites are on-going.

3. Environmental e�ects. Compatibility of the compos-

ites with Li ceramic breeding materials was studied.

A SiC layer used as a protective coating was e�ective

under speci®c conditions, but there is no data, which

include irradiation conditions. SiC is not compatible

with Be at temperature above 900°C. A protective

coating in reducing atmospheres will be required.

4. Technological issues of reactor engineering. Develop-

ment of joining and hermetic coating techniques are

in progress in collaborations with non-fusion appli-

cation programs.
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