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Abstract

Helium effects on mechanical properties of SiCrSiC composites were studied to apply the composites on structural
materials of a fusion reactor. Two types of 2D-SiCrSiC composites were examined in this work. Helium was implanted
using 36 MeVa particles with an energy degrader system to obtain a uniform helium depth distribution in the specimen. The
implantation temperature was 400–8008C and the helium concentration after implantation was about 150–170 appm.
Three-point bending test was carried out at room temperature. Results of bending test showed that a small decrease of bend
strength was observed in the composite which had the higher bend strength before implantation. Helium implantation effect
was not clearly observed in the lower bend strength composite. SEM observation results on the fracture surface gave no
evidence for fiber coating failure. The decrease of bend strength after helium implantation may be attributed to a degradation
of mechanical properties of the fibers by implanted helium. q 1998 Elsevier Science B.V.

1. Introduction

Ž .Silicon carbide SiC materials have been proposed for
structural materials in fusion reactors because of their low
induced activity by neutron irradiation and high tempera-
ture strength. Since monolithic SiC is very brittle as a
structural material, SiC reinforced SiC matrix composites
have been developed to increase its toughness. The SiC
composite system which has received the most attention
for fusion energy applications, is the continuous fiber rein

Ž .forced and chemically vapor infiltrated CVI composites.
Recent status of SiC composites for fusion was reviewed

w xby Snead et al. 1 .
The key elements affecting ceramic composite perfor-

mance are the fiber reinforcement and the fiberrmatrix
interface. Regarding SiC-based fibers for SiCrSiC com-
posites, Nicalone fibers have been widely used. Nicalon is

w xa polymer-derived Si–C–O fiber 2 but its physical and
dimensional properties have been shown to be unstable at

w xrelatively low neutron fluence 3,4 . In order to improve
the high temperature stability of Nicalon fiber, reduced
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oxygen Hi-Nicalone fibers were developed by Nippon
w xCarbon 2 . These fibers are synthesized from polycarbosi-

lane using electron beam curing and pyrolysis. Hi-Nicalon
fiber showed higher degree of structural stability after high

w xfluence of neutron irradiation 5,6 , therefore Hi-Nicalon is
considered a promising candidate reinforced fiber for fu-
sion applications.

To improve SiCrSiC performance, several kinds of
fiber coating were studied. The most widely utilized inter-
face in the CVI SiCrNicalon system is carbon. There is an
optimum carbon coating thickness to obtain higher strength

w xof SiC composite. It was typically 0.1 to 0.2 mm 7 but its
optimum thickness and coated materials under irradiation
environment has not been clarified yet because sufficient
irradiation data have not been obtained on new fibers
which have high performance such as Hi-Nicalon.

In a fusion reactor environment, helium will be pro-
duced at the first wall at the rate of about 1500–2000

Ž 2.appm Her MW a m in SiC by transmutation reactions
Ž 2.and displacement damage will be 10–15 dpar MW a m ,

depending on the details of the blanket structure and on
w xneutron spectrum 1,8 . The Herdpa ratio of SiC will be

higher than that of other candidate alloys such as vana-
w xdium and ferritic steels 1 . Since helium in materials under

0022-3115r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII S0022-3115 97 00342-5



( )A. Hasegawa et al.rJournal of Nuclear Materials 253 1998 31–3532

irradiation environment accelerates swelling and creep, and
precipitates at interfaces such as grain-boundary and
fiberrmatrix interfaces, mis-match and interface debond-
ing between fiber and matrix may occur in SiCrSiC
composite under fusion reactor conditions. On the other
hand, the strength of fiberrmatrix interface will influence
the fracture strength and toughness of fiber reinforced
composites. Therefore, behavior of helium gas atoms and
their effect on mechanical properties of SiCrSiC compos-
ite will be important for its application to structural materi-
als of fusion reactors. The purpose of this work is to study
helium effects on the bending properties of SiC composites
which are reinforced with SiC weaves made of Hi-Nicalon
fibers using helium implantation methods by accelerators.

2. Experimental

In this work, we studied He effects on two types of
2D-SiC rSiC composites reinforced by SiC weaves madef

of Hi-Nicalon fiber. Specimen code names are JSS01 and
USSD01 respectively. Both JSS01 and USSD01 were fab-

Ž .ricated by the chemical vapor infiltration CVI method.
The JSS01 is the first batch of Japanese reference material
of SiCrSiC composite fabricated by Ube Industries. The
Hi-Nicalon cloths were stacked and impregnated in poly-
mer solution to form pre-formed composites. It was heat-
treated at 10008C to form thin carbon coating layer on the
fibers, then SiC matrix was deposited by CVI process at
about 11008C. The strength of the JSS01 at room tempera-
ture was in the rage of 100 to 220 MPa. The details of
fabrication and its strength at room temperature and higher

w xtemperature will be presented elsewhere 9 . The USSD01
was fabricated by Dupont in USA. Carbon coating on the
fiber was carried out by CVD process and SiC matrix was
deposited by CVI. Its bend strength at 5508C in argon was

w x550"30 MPa. The details were reported elsewhere 10 .
Major differences of the specimens were thickness and
processing method of carbon coating on SiC fibers. The
thickness of the carbon coating of JSS01 was approxi-
mately 100 nm and it was coated by solution impregnation.
The thickness of the carbon coating layer of USSD01 was
1.2 mm and it was processed by CVD.

Because a relatively large volume was required to
evaluate bending strength, high energy helium ion implan-
tation was used to prepare helium implanted bend bars.
Specimen size of bend bar was 4 mm width, 1 mm
thickness and 18 mm length. The numbers of 2D woven
SiC cloth layers thorough the thickness of the bend bar
were 3 in JSS01 and 4 in USSD01. The number of fiber
bundles along the specimen width was 3 in both speci-
mens.

Helium implantation was carried out using a cyclotron
at Tohoku University. The accelerated energy of the he-
lium ions was 36 MeV and the projected range in SiC was
approximately 470 mm which was calculated by TRIM

w xcode 11 . To obtain uniform helium depth distribution,
w xtandem type degrader wheels were used 12 . The total

amount of implanted helium concentration calculated from
the irradiation fluence was 150–170 appm, depending on
irradiation position. Displacement damage in the He im-
planted area was approximately 0.09 dpa using E s45d

eV. The implantation temperature was measured by an
infrared pyrometer and it was 400–8008C for different
specimens. The He implanted area was on the tensile
surface. Since the number of specimen was limited, four
specimens were irradiated and tested for each composites.

Three-point bending test was carried out at room tem-
perature. The span length was 14 mm and the cross head
speed was 0.2 mmrmin. After the bending test, fractogra-
phy observation was carried out by SEM.

3. Results and discussion

Fig. 1 shows load–deflection curves of JSS01 and
USSD01. Because of space limit of the bending fixture,

Fig. 1. Load–deflection curves of SiCrSiC composites. Dashed
lines are data of unimplanted specimens, solid lines are data of He

Ž . Ž .implanted specimens. a JSS01, b USSD01. Implanted tempera-
ture was in the range of 400–8008C.
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Fig. 2. Stress–deflection curves of SiCrSiC composites up to
maximum strength. Dashed lines are data of unimplanted speci-

Ž .mens, solid lines are data of He implanted specimens. a JSS01,
Ž .b USSD01.

the bend test was stopped before complete failure of tested
specimen, so work-of-fracture could not be obtained in this
experiment. Fig. 2 shows the stress–deflection curves up
to the maximum strength. The stress level of first matrix

Ž .cracking FMC in both composites was in the range of
100 to 150 MPa for JSS01 and it was below 100 MPa for
USSD01. A helium implantation effect was not clearly
seen in the FMC behavior. After FMC, the stress–deflec-
tion curve and maximum bending strength of JSS01 had
wide scatter probably because of inhomogeneity of the
composite; therefore helium implantation effects were not
clearly seen.

On the other hand, a decrease of the maximum bend
strength by helium implantation compared to data scatter-
ing of unimplanted specimen was observed in USSD01.
The minimum strength of irradiated USSD01 specimen
may be caused by temperature increase during implanta-
tion compared to other ones. The implantation temperature
of other three was in the range of 400–6008C; however the
implantation temperature of the weakest one was in the
range of 500–8008C. The temperature difference may be
attributed to thermal diffusivity difference caused by thin
cracks between Hi-Nicalon weaves or pores in the matrix

which were formed during CVI process. The slope of the
stress–deflection curve after FMC was decreased by he-
lium implantation. This may be attributed to helium effects
on modulus and fracture behavior of fiber bundles during
bending test of USSD01. The higher implantation tempera-
ture may have decreased the modulus and strength of the
USSD01.

A large load drop after maximum strength which was
caused by fiber bundles failure was observed, and a rela-
tively low load stage was continued at higher deflection
until specimen failure occurred. During this stage fiber
pullout mainly occurred. Helium implantation effects were
not observed in JSS01, but a reduction of load during the
pull out period by helium implantation was observed in
USSD01 as is shown in Fig. 1.

Fig. 3 shows the microstructure of the unimplanted
specimen after the bending test. The upper side of these
pictures is the tensile-stress-loaded side. Helium was in-
jected in this side. Large cracks were observed along cross
line of the fiber bundles in both materials. Small cracks

Fig. 3. SEM micrographs of bend tested unimplanted specimens.
Ž . Ž .a USSD01, b JSS01.
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and fine debonding cracks between fiberrmatrix was ob-
served in USSD01, but large cracks and large delaminated
surface between SiC weaves was observed in JSS01.

Details of SEM micrographs of ruptured surface of
Ž .USSD01 are shown in Fig. 4 a, b, c . The helium ions

were injected from the lower side of the pictures. The
surfaces of the pullout fibers were rough. The rough
blanket type image around the fibers is carbon coating
layer. These results showed the debonding between
fiberrmatrix occurred in the coated carbon layer. Al-
though a decrease of load during fiber pullout period was
observed in USSD01, helium implantation effects of the
surface morphology of these fibers were not observed. The
results shows that interface debonding by implanted he-
lium did not occur in this implantation conditions. Fig.
Ž .4 d shows a typical surface of fibers in JSS01. The fiber

surface was flat and smooth in both unimplanted and
helium implanted specimens. It shows that the bonding
strength of fiber and carbon coating layer of JSS01 is
relatively lower than CVD coated carbons such as USSD01.
In addition, helium implantation effects on the surface of
pullout fiber were not observed in JSS01.

The difference of unimplanted bending strength be-
tween the two composites may be attributed to fiberrma-
trix interface strength which was dependent on the thick-
ness of carbon coating on the fibers and the quality of
coating. In the case of JSS01, the coating layer did not
have enough strength and thickness, and optimization of
process conditions of coating is required for JSS01. The
strength also depends on insufficient filling up of the SiC
matrix between SiC weaves during CVI process. The
density of USSD01 was 2.42 grcm3 and that of JSS01
was 2.2 grcm3. The porosity of matrix also influences the
strength of the composites. In the case of JSS01, the
strength level of the composite may be too low to show the
helium effects.

The mechanism responsible for the decrease of bending
strength and pullout load of USSD01 by helium implanta-
tion was not clarified in this work, but the former may be
attributed to reduction of modulus and strength of fibers by
helium implantation. To clarify the helium effects, me-
chanical testing of helium implanted fiber and microstruc-
tural observation of helium implanted composites with
TEM is required.

Ž . Ž . Ž .Fig. 4. SEM micrographs of fracture surface of bend tested specimens. a USSD01: unimplanted, b USSD01: He implanted, c USSD01:
Ž .He implanted, d JSS01: unimplanted.
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4. Summary

Helium effects on bending behavior of 2D-SiCrSiC
composites reinforced by Hi-Nicalon fibers were studied
using helium implantation by accelerator. The following
results were obtained.

Ž .1 Helium effects on bending strength at room temper-
ature was observed in USSD01 after 150–170 appm he-
lium implantation. A decrease of the maximum strength
and a decrease of load during fiber pullout were observed,
relative to unirradiated specimens.

Ž .2 SEM observation showed that surface morphology
of pullout fiber of USSD01 was not changed by helium
implantation. Reason of the strength change of the com-
posites may not be attributed to interface debonding of
fiber. It may be attributed to degradation of mechanical
properties of fiber by helium implantation.

Ž .3 Bend strength change by helium implantation was
not observed in JSS01. Morphology of pull out fiber
surface was flat and smooth. Relatively lower strength of
JSS01 may be attributed to insufficient strength of
fiberrmatrix interface and it was the reason of the re-
sponse of helium implantation.

Acknowledgements

The authors are grateful to Professor A. Kohyama,
Kyoto University, for preparation of JSS01 composites,
and to Dr T. Yano, Tokyo Institute of Technology, for his

help of bending test and staffs of cyclotron at Tohoku
University for their accelerator operation. This work was

Žsupported by JUPITER program Japan–USA Program of
.Irradiation Test for Fusion Research .

References

w x1 L.L. Snead, R.H. Jones, A. Kohyama, P. Fenici, J. Nucl.
Ž .Mater. 233–237 1996 26.

w x2 H. Ichikawa, K. Okamura, T. Seguchi, Proc. 2nd Int. Conf.
on High-Temperature Ceramic–Matrix Composites, August,
1995, Santa Barbara, CA, pp. 65–74.

w x3 K. Okamura, T. Matsuzawa, M. Sata, H. Kayano, S. Mo-
rozumi, H. Tezuka, A. Kohyama, J. Nucl. Mater 155-157
Ž .1988 329.

w x Ž .4 M. Osborne, L.L. Snead, J. Nucl. Mater. 219 1995 63.
w x5 G.E. Youngblood, R.H. Jones, to be published.
w x6 A. Hasegawa, G.E. Youngblood, R.H. Jones, J. Nucl. Mater.

Ž .231 1996 245.
w x7 L.L. Snead, S.J. Zinkle, D. Steiner, J. Nucl. Mater. 191–194

Ž .1992 566.
w x8 L. El-Guebaly, ARIES IIrIV Reports, to be published.
w x9 A. Kohyama et al., to be published.

w x10 G.E. Youngblood, C.H. Henager, Jr., R.H. Jones, Fusion
Materials Semiannual Progress Report for Period Ending,
June 30, 1996, 140–145.

w x11 J.F. Ziegler, J.P. Biersack, U. Littmark, The Stopping and
Ranges of Ions in Matter, vol. 1, Pergamon, 1985.

w x12 T. Masuyama, M. Morimoto, O. Konuma, K. Abe, Proc. of
the Int. Conf. on Evolution in Beam Applications, Nov.
1991, Takasaki, Japan, 1991, pp. 729–733.


