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Abstract

The microstructure of near-stoichiometric fiber SiC/SiC composites implanted with He and H ions was studied at

implantation temperatures of 1000 and 1300 �C. The average size of He bubbles in the CVI SiC matrix decreases with

increasing concentration of implanted H ions. Moreover, the number density of He bubbles increases with increasing

irradiation temperature and amount of implanted H. At the irradiation temperature of 1000 �C, He bubbles were
mainly formed at grain boundary within the matrix. On the other hand, He bubbles were formed both at grain bound-

aries and within grains at the irradiation temperature of 1300 �C. The average size of He bubbles at grain boundaries
was much larger than within the grain. The average size of He bubbles in the fiber was smaller than that in the matrix in

all cases.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Silicon carbide (SiC) fiber reinforced SiC matrix (SiC/

SiC) composites are being developed as structural mate-

rials for fusion power reactors in part due to their high

temperature strength and low-residual radioactivity fol-
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lowing neutron irradiation [1–4]. It is reported that the

SiC/SiC composites using highly crystalline and near-

stoichiometric SiC fiber fabrics as reinforcement have

excellent stability about microstructure and mechanical

properties against neutron irradiation up to 20dpa

[5,6] However, the effect of transmutation gasses on

SiC, which are not produced in the current fission-neu-

tron damage studies, is largely unknown. Of particular

concern are the high levels of helium (He) and hydrogen

(H) transmutation atoms produced by the 14.1MeV fu-

sion neutrons. The production rates of He and H in SiC

in first wall region are approximately 1500–2000 and

800appm/MW-a/m2 corresponding to a gas/dpa ratio
ed.
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of 130appm He/dpa and 40appm H/dpa [1]. Irradiation-

induced microstructural and mechanical properties

changes may be accelerated in SiC/SiC composites under

the fusion condition since He is insoluble in virtually all

materials and is captured easily within vacancy clusters

produced during cascade formation.

Authors have previously reported that He bubbles in

SiC/SiC composite with advanced SiC fiber were formed

by simultaneous ion-beam irradiation with Si2+, He+

and H+ ion-beams at 1000�C [7]. The effects of He

and H transmutation atoms on the formation of He

bubbles, however, have not been thoroughly investi-

gated. Additionally, it is also important to understand

the effect of transmutation atoms on the microstructural

change of SiC/SiC composites at higher temperature

than 1000�C, since the operational use temperature for
SiC/SiC composite in a fusion reactor has been assumed

to be around 1100�C [1,5].

In this study, the effect of implanted He and H atoms

and irradiation temperature on microstructural change

of SiC/SiC composites using near-stoichiometric SiC

fiber; Hi-Nicalon Type S and Tyranno SA, is presented

by application of simultaneous ion irradiation at 1000

and 1300 �C.
2. Experimental procedure

2.1. Materials

The 2D plane weave of Hi-Nicalon Type S and Tyr-

anno SA SiC fiber fabrics as reinforcement were used in

this study. The SiC/SiC composites were fabricated

using the forced thermal gradient chemical vapor infil-

tration (F-CVI) process at Oak Ridge National Labora-

tory. The details of fabrication procedure are described

elsewhere [8]. Carbon layer was deposited on the SiC

fiber as an interphase layer between the matrix and the

fiber. The matrix formed by this process consists of a

highly pure, faulted form of b-SiC. Such composites typ-
ically have approximately 15% porosity. However, on

the scale important for the microstructural studies pre-

sented here, the matrix can be considered fully dense

and stoichiometric.
Table 1

Irradiation condition of simultaneous ion-beams in this study

Condition ID Kinds of ions Displacement damage (dpa

Single (Si) Si2+ 10

Single (He) He+ �0
Dual Si2+ + He+ 10

Triple Si2+ + He+ + H+ 10

Triple (H · 10) Si2+ + He+ + H+ 10
2.2. Irradiation

Simultaneous ion irradiation was carried out at

TIARA (Takasaki Ion Accelerators for Advanced Radi-

ation Application) facility of JAERI. The specimens

were irradiated at 1000 or 1300�C by 6.0MeV Si2+ ions,

1.0MeV He+ ions and/or 340keV H+ ions. Various com-

binations of ions were examined in this study as summa-

rized in Table 1. The implantation of He+ and H+ ions

was conducted using an aluminum foil energy degrader

in order to control He and H distribution in the depth

range of about 1.0–1.8lm from the specimen surface.

The displacement damage, He, H and Si concentration

as a function of depth from the surface in SiC calculated

by TRIM code [9] is shown in Fig. 1. The displacement

threshold energies of Si and C were assumed to be 35

and 20eV, respectively [10]. The irradiation was per-

formed to 10dpa at the depth of 1.4lm as shown in

Fig. 1. The resultant He/dpa and H/dpa ratio were 130

and 40 appm/dpa, which would correspond to a region

of the first wall of a fusion power reactor.

2.3. Microstructure observation

Focused ion beam processing was used to prepare

thin foil specimens for transmission electron microscopy

(TEM) observation. Microstructure observation was

conducted with TEM (JEOL 2000 FX) operated at

200kV.
3. Results and discussion

The low-magnification TEM microphotograph of the

irradiated SiC/SiC composite by simultaneous triple ion-

beams at 1300�C is shown in Fig. 2. The SiC/SiC com-

posites examined in this study have a 150 nm carbon

layer as the interphase layer between fiber and matrix.

Fiber/matrix interphase debonding, which leads the deg-

radation of strength after irradiation [11,12], did not oc-

cur for all combination of ion-beams irradiation at both

1000 and 1300�C in this study. Axial shrinkage of Hi-

Nicalon SiC fibers, which are predecessor of advanced

SiC fiber, was observed by ion irradiation at 1000 �C be-
cause of their re-crystallization [13]. The surfaces of the
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Fig. 1. Displacement damage, He, H and Si concentration as a function of depth from the surface in SiC calculated by TRIM code.

Fig. 2. Low-magnification TEM microphotograph of the

irradiated SiC/SiC composite by simultaneous triple ion-beams

at 1300 �C.

Fig. 3. Cross-sectional TEM microphotographs of the irradiat
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advanced SiC fiber and matrix are same step height in

Fig. 2. This result indicates that the shrinkage of ad-

vanced SiC fibers did not occur. The apparent reason

for this is that the advanced SiC fibers consist of near-

stoichiometry and highly crystalline SiC structure [14].

The SiC/SiC composites using advanced SiC fiber ap-

pear to have excellent dimensional stability against

simultaneous ions irradiation up to 1300 �C.
Cross-sectional TEM microphotographs of the irra-

diated SiC matrices at about 1.4lm depth from the sur-

face are given in Fig. 3. The average size, average

number density and formation position of He bubbles

in the matrix is summarized in Table 2. For implanta-

tion at 1000�C, He bubbles are not observed in the ma-
trix irradiated by single Si ions or single He ions.

However, He bubbles were observed in the matrix irra-

diated under dual (Si + He) or triple (Si + He + H)
ed SiC matrices at about 1.4lm depth from the surface.



Table 2

Summary of average size, average number density and formation position of He bubbles formed in the matrix

Irradiation temperature (�C) Condition ID Single (Si) Single (He) Dual (Si + He) Triple Triple (·10 H)

Position Average size (nm)

1000 Grain boundary – – 4.9 4.6 2.7

Grain interior – – – – –

Density (m�3) 0 0 1.61 · 1022 2.51 · 1022 2.75 · 1022

1300 Grain boundary 5.8 2.3 23.2 20.9 Not examined

Grain interior – – 4.1 3.9 Not examined

Density (m�3) Not measured Not measured 5.92 · 1022 7.22 · 1022 Not examined

Fig. 4. Cross-sectional TEM microphotograph of the irradi-

ated matrix near carbon layer by simultaneous triple ion-beams

at 1300�C.
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ion-beams. These results reveal that the simultaneous

ion-beams irradiation enhances the formation of stable

He clusters. It is thought that this is caused by the simul-

taneous formation of vacancies by the silicon ion dam-

age that are stabilized in the presence of helium. Once

stable vacancy clusters are formed they continue to

add helium leading the observed helium bubbles. These

He bubbles were preferentially formed at the grain

boundaries. The average size of He bubbles decreased

with increasing amount of implanted H ions. On the

other hand, the number density of He bubbles slightly

increased with increasing the amount of implanted H

ions. These results indicate that the simultaneous im-

planted H might prevent the migration of He and the

growth of He bubbles might be inhibited. Hojou has re-

ported that H atoms implanted simultaneously with He

atoms would contribute to forming a large number of

nuclei for bubbles formation at room temperature by

in-situ TEM observation technique [15]. The result in

this study is corresponding to this previous work.

At irradiation temperature of 1300 �C, He bubbles
were observed in the matrix irradiated by single He ions,

dual and triple ion-beams. Hasegawa has reported that

He bubbles were formed in He pre-implanted matrix

of SiC/SiC composite annealed at 1400 �C for 1h [16].

Such voids (average size: 5.8nm) were also observed in

the matrix irradiated by single Si ions although gas

atoms such as He and H were not implanted. Price re-

ported that neutron irradiation at 1250 �C produces

voids in b-SiC and the average size of voids was

4.2nm [17]. The results in this study are in good agree-

ment with the previous studies. Helium bubbles in the

matrix irradiated by single He ions and the voids were

mainly formed at grain boundaries. Helium bubbles in

the matrix irradiated by dual and triple ion-beams were

formed both at grain boundaries and within the grains.

The average size of He bubbles at the grain boundary

was much larger than that in the grain. The reason is

that the recombination of He clusters was accelerated

since the mobility of He interstitial and vacancy at grain

boundary is larger than that in the grain.

Large He bubbles were not, however, formed at the

grain boundary near carbon fiber/matrix interphase
layer. The cross-sectional TEM microphotograph of

the irradiated matrix near the carbon layer by simultane-

ous triple ion-beams at 1300�C is given in Fig. 4. The

number of grain boundaries in the matrix near carbon

layer was larger than that in the matrix far from carbon

layer since the grain size of the matrix near the carbon

layer was smaller as compared to that of matrix far from

carbon layer. The large number of grain boundaries

might accelerate the release of He from SiC because

the mobility of He at the grain boundary is larger than

that within the SiC grains. It is, therefore, easier for

He to diffuse in matrix near carbon layer compared to

the matrix far form carbon layer. Furthermore, Jung

has reported the magnitude of the diffusion coefficient

of He in graphite to be about 30 times greater than

that of SiC [18]. From this result, He in the carbon layer

appears to have been released during the ion irradiation

at 1300�C and He in the SiC matrix near the carbon

layer also would seem to have been released from the

SiC easily. Therefore, the large He bubbles were not

formed at the grain boundary of matrix near carbon

layer.

At grain boundary in the matrix, the number density

of He bubbles at 1300�C is smaller than that at 1000�C
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while average size of He bubbles is much larger than that

at 1000�C (see Fig. 3). The reason for bubbles size is that
much more He clusters go into the grain boundary at

1300�C compared to the case of 1000�C since the mobil-
ity of He cluster at 1300 �C is much larger than that at

1000�C.
He bubbles formed at irradiation temperature of

1000�C were observed only in the He implanted region

(0.7–1.8lm from the surface). On the other hand, He

bubbles at 1300 �C were also observed outside of He
Fig. 5. Cross-sectional TEM microphotographs of the irradiated Hi-N

Fig. 6. Cross-sectional TEM microphotographs of the irradiated T
implanted region; the formation depth-range of He

bubbles was from 0 to 3.0lm. The mobility of He inter-
stitial and induced vacancy was increased with increas-

ing the irradiation temperature. Therefore, He bubbles

grew easily and the number of visible He bubbles was

increased at higher temperature.

The cross-sectional TEM microphotographs of the

irradiated Hi-Nicalon Type S and Tyranno SA SiC fiber

at about 1.4lm depth from the surface were shown in

Figs. 5 and 6. The advanced SiC fibers have a different
icalon Type S SiC fiber at about 1.4lm depth from the surface.

yranno SA SiC fiber at about 1.4lm depth from the surface.



Table 3

Average size of He bubbles formed in SiC fiber

Irradiation temperature (�C) Kind of SiC fiber Condition ID

Dual (nm) Triple (nm) Triple (H · 10)

1000 Hi-Nicalon Type S – 2.6 3.0nm

Tyranno SA 2.3 2.2 Not examined

1300 Hi-Nicalon Type S 2.5 2.3 Not examined

Tyranno SA 2.5 3.0 Not examined
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microstructure from the matrix. The matrix was dense

while the fibers were slightly porous; the density of

CVD–SiC is 3.2g/cm3 while that of advanced SiC fibers

is 3.1g/cm3 [19,20]. White contrast areas, whose size is

much larger than that of He bubbles, were observed

among the grains in the fiber (as shown in Figs. 5 and

6). On the other hand, such white areas were not ob-

served among the grains in the matrix. These white con-

trast areas are seemed to be pore or carbon phase, whose

density is smaller than that of SiC. The summary of

average size of He bubbles formed in the SiC fiber is

given in Table 3. At irradiation temperature of 1000 �C,
no He bubbles were formed in Hi-Nicalon Type S irradi-

ated by dual ion-beams. On the other hand, a few He

bubbles were formed by triple ion-beams and He bubbles

in the matrix irradiated by dual ion-beams at 1000 �C
were observed. Furthermore the number density of He

bubbles in the fiber was much smaller than that in the

matrix. The grain size of Hi-Nicalon Type S fiber is much

smaller than that of matrix, and the pore and carbon

phase exists among the grains in the fiber as mentioned

above. Therefore, He interstitial and induced vacancy

easily reached the grain boundary and were trapped in

the pore and carbon phase. For the above reasons, no

He bubbles were formed in Hi-Nicalon Type S fibers.

The average size of He bubbles formed at irradiation

temperature of 1300�C is almost the same as compared

to that at 1000�C. On the other hand, the number density
of He bubbles increased with increasing irradiation tem-

perature. The apparent reason for this is that the number

of visible He bubbles was increased since the mobility of

He interstitial and vacancy increased with increasing

irradiation temperature and the recombination of He

clusters was accelerated.

At irradiation temperature of 1000 and 1300 �C, He
bubbles were formed in the Tyranno SA SiC fiber irradi-

ated by both dual and triple ion-beams. By dual ion-

beams irradiation at 1000�C, no He bubbles were

formed in Hi-Nicalon Type S while a few He bubbles

were formed in Tyranno SA fiber. The reason for this

is that the number of He interstitials and induced vacan-

cies trapped in the pore among SiC grains were de-

creased since the grain size of Tyranno SA is larger

than that of the Hi-Nicalon Type S, and the distance be-
tween pores was also larger. Helium bubbles formed in

Tyranno SA fiber are observed both at grain boundary

and within the grains. The average size of He bubbles

at grain boundary is slightly larger than that in the

grains. The average size of He bubbles in Tyranno SA

was almost same as that in Hi-Nicalon Type S. The

number density of He bubbles was increased with

increasing the irradiation temperature as well as Hi-Nic-

alon Type S.
4. Conclusions

1. The SiC/SiC composites using advanced SiC fiber

appear to have excellent dimensional stability against

simultaneous triple-ions irradiation at up to 1300 �C
with no observed microstructural change occurring

at the interphase region.

2. At the irradiation temperature of 1000 �C, He bub-
bles were not observed in the matrix irradiated by

single Si ions or single He ions while He bubbles were

observed in the matrix irradiated by dual or triple

ion-beams. Simultaneous existence of the induced

vacancies by Si ion beam and implanted He ions con-

tributed to the formation of He bubbles.

3. The average size of He bubbles in the matrix

decreases with increasing density of implanted H

ions. The number density of He bubbles increases

when the implantation temperature is increased from

1000 to 1300�C and the amount of implanted H is

increased.

4. At the irradiation temperature of 1000 �C, He bub-
bles in the matrix were mainly formed near the grain

boundary. At the irradiation temperature of 1300 �C,
He bubbles in the matrix were formed both at grain

boundary and within the grains. The average size of

He bubbles at grain boundary was much larger than

that near the grain.

5. Under dual ion-beams irradiation at 1000 �C, no He
bubbles were formed in Hi-Nicalon Type S while a

few He bubbles were formed in Tyranno SA fiber.

Helium bubbles were formed in Hi-Nicalon Type S

and Tyranno SA by triple ion-beams at 1000 �C and

both of dual and triple ion-beams at 1300 �C.
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