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Abstract

Changes in macroscopic length, lattice parameter and thermal diffusivity of neutron-irradiated Si;N, and SiC
ceramics up to a fluence of 4.2 x 10% n/m? were measured. Macroscopic length increase of Si;N, was almost one half
of that of SiC. Thermal diffusivity of both ceramics was reduced severely by the irradiation at 390-540°C. Slight in-
crease in the g-axis and slight decrease in the c-axis lattice parameter were detected for Si;N4. The amount of lattice
parameter change of Si; Ny was very small compared with the macroscopic length change. Changes in these properties
due to post-irradiation thermal annealing up to 1500°C were measured. Large part of thermal diffusivity of Si;N, was
recovered by annealing, with small step at ~1100°C, but macroscopic length did not significantly change by annealing.
Change in lattice parameter showed a complicated trend. It is supposed that formation of interstitial loops on the planes
parallel to the c-axis, formation of voids during annealing or difficulty of recovery of points defects/loops, or solid
solution formation due to glassy grain boundary phase may influence the recovery behavior of Si;N; ceram-
ics. Changes in macroscopic length, lattice parameter or thermal diffusivity of SiC by annealing coincided with the
results of previous works. The critical irradiation conditions for loop formation/XRD line broadening for SiC is dis-
cussed based on the present and previous results. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 61.80.Hg; 61.82.Ms; 61.72.Cc; 61.72.Dd; 61.72.Ff; 81.05.Je

1. Introduction

Thermo-nuclear fusion reactors, which are proposed
as an ultimate power generator for the 21st century,
require many non-metal materials. Radiation-induced
changes in the physical properties of ceramics will have a
significant influence on the design of fusion reactors.
Physical properties of importance for fusion ceramics
include dimensional stability, thermal conductivity,
electrical conductivity, dielectric breakdown strength
and loss tangent at high frequencies. These properties

* Corresponding author. Tel.: +81-3 5734 3380; fax: +81-3
5734 2959.
E-mail address: tyano@nr.titech.ac.jp (T. Yano).

are strongly influenced by high-energy neutron irradia-
tion. Furthermore, the use of low-activation compo-
nents as structural material for fusion power reactors
seems essential in terms of safety.

Besides its low activation and quick decay of activity,
SiC has excellent behavior such as low atomic number
material, good thermal conductivity, excellent high-
temperature properties and corrosion resistance [1-6].
Furthermore, SiC shows good resistance to high-energy
neutron irradiation until very high doses [7-12]. So far,
SiC has been used as the structural material of the
DREAM [13] and the ARIES IV [14] conceptual reactor
designs. Whereas relatively many researches have been
reported on neutron irradiation effects of SiC, it is still
important to clarify the neutron-induced defects, par-
ticularly, formed after very high dose irradiation.
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On the other hand, another important commercial
engineering ceramic is Si3Ny, which exhibits excellent
strength, toughness and thermal shock resistance and
has been highly developed for structural applications
such as gas turbine components and automobile engine
parts such as turbo-charger rotor. Thus, it has a po-
tential usefulness for fusion reactor applications [15]. It
is very strange that only limited number of researches on
neutron irradiation effects on SizN, have been reported
up to the present [15-22]. Particularly, no recovery data
of neutron-induced defects have been reported.

In this work, silicon carbide and silicon nitride ce-
ramics were irradiated concurrently in the neutron flu-
ence range 0.4-4.2 x 10 n/m? and the macroscopic
length, lattice parameter and thermal diffusivity changes
were measured. Post-irradiation isochronal annealing up
to 1500°C was conducted for these specimens, and re-
covery behavior of macroscopic length, thermal diffu-
sivity and lattice parameter were measured. The
difference in irradiation response of both ceramics was
discussed based on the result of microstructure obser-
vation.

2. Experimental procedures

High-purity SiC(Type C101, >99 wt% SiC, sintering
additive: <1 wt% Al,O;, density 3.20 g/cm?, Nippon
Steel) and SizN4(Type NS101, >88 wt% Si3Ny, sinter-
ing additives: <10 wt% Y,03, <2 wt% ZrSi,, Nippon
Steel) ceramics were irradiated concurrently with fast
neutrons in the JOYO fast experimental reactor in Japan
up to fluences of 0.4-4.2 x 10% n/m?(E > 0.1 MeV) at
390-730°C. The irradiation conditions are listed in
Table 1. The temperature of specimens during irradia-
tion was estimated based on TED temperature moni-
tors. The specimens irradiated were 1.2 x 1.2 x 15 mm?
for length measurement; 10 mm in diameter and 2 mm in
thickness for thermal diffusivity measurement; and 3 mm
in diameter and 0.5 mm in thickness for transmission
electron microscopy (TEM). All specimens were irradi-
ated in helium-filled capsules.

Table 1

103

Macroscopic length was measured by micrometer at
room temperature. The accuracy of length measurement
was <0.01% (1 pm). Thermal diffusivity was measured
using the laser-flash method (RIGAKU, LF/TCM-
FA8510B) at room temperature in vacuum (2 x 1073
Pa). The experimental uncertainty of thermal diffusivity
was less than 1%. To determine the lattice parameter of
SiC and SizN,, X-ray diffraction with a CuKa source
was used on a Philips PW-1700 diffractometer equipped
with a graphite monochrometer. The diffraction profiles
of peaks with indices (400), (331), (420), (422), (404),
and (333) /(511) of B-SiC, and (301), (221), (311),
(320), (411), (412), (502), and (303) of B-SisNy were
precisely measured using an internal standard of Si at
26°C (ap = 0.534088 nm). For the X-ray measurement,
the bulk was carefully crushed into powder using a
mortar. The experimental error of the measurement was
less than 0.01% for the specimen with broadened peaks.

Microstructure was observed by TEM. Thin foils for
electron microscopy were prepared by dimpling and ion-
milling technique. The transmission electron microscope
used in the present study was a Hitachi H-9000 micro-
scope which was operated with an accelerating voltage
of 300 kV.

Changes in macroscopic length, thermal diffusivity
and lattice parameter due to isochronal annealing were
obtained successively with increasing annealing tem-
perature on the same irradiated specimens. Thermal
annealing was carried out in vacuum (up to 1000°C:
~107" Pa and 1100-1500°C: ~6 x 10~* Pa). Tempera-
ture of the specimens was raised at a rate of 30°C/min,
except for a very low temperature up to 200°C, from
room temperature to the designated temperature, and it
was held at the annealing temperature for 1 h.

3. Results
3.1. Physical property change due to irradiation

The changes in macroscopic length, lattice parameter
and thermal diffusivity of SiC and SizN,; due to the

Irradiation condition and changes in macroscopic length, lattice parameter and thermal diffusivity of SiC and Si;N4*

Fluence Irradiation Macroscopic length Lattice parameter change (%) Thermal diffusivity

(E > 0.1 MeV) temperature change (%) change (%)

(n/mz) (OC) SiC Si3N4 SiC Si3N4 SiC Si3N4
a-axis a-axis c-axis

0.4 x 10% 540 - - - - - -87 -71

1.4 x 10% 390 - - - - - —88 -81

2.8 x 10% 480 +0.42 +0.19 +0.43 +0.06 -0.03 - -

4.2 x 10% 730 +0.44 +0.21 +0.09 +0.02 —-0.06 - -

* Thermal diffusivities of unirradiated SiC and Si;Ny4 are 0.410 and 0.266 cm? /s, respectively.



104 T. Yano et al. | Journal of Nuclear Materials 289 (2001) 102—-109

neutron irradiation are summarized in Table 1. Changes
in macroscopic length and lattice parameter of SiC were
of similar magnitude (~0.42%) after irradiation to the
fluence of 2.8 x 10% n/m? at 480°C, but these amounts
showed large discrepancy in the specimen irradiated to a
fluence of 4.2 x 10% n/m?* at 730°C. The change in lat-
tice parameter of the 730°C SiC specimen was very small
(0.09%). Profile of XRD peaks of this specimen was
significantly broadened after the irradiation, whereas
that of the 480°C specimen kept the separation of Ka,
and Ko, and was not so significantly broadened. Re-
duction of thermal diffusivity of SiC after two different
irradiation conditions (390°C and 540°C) was almost by
the same amount (~87%).

Macroscopic length increase of Si;Ny was less than
one half of that of SiC after the same irradiation con-
dition. On the other hand, it is interesting to note that
change in lattice parameter of Si;Ny was very small and
anisotropic, i.e., slight expansion of the a-axis and slight
contraction in the c-axis were observed in both irradia-
tion conditions. Profiles of XRD peaks were broadened,
but were not so significant after both irradiation con-
ditions. Almost no shift in the position of peaks was
observed. Reduction of thermal diffusivity of SizN, after
two different irradiation conditions was different with a
smaller reduction observed in the lower fluence and
higher irradiation temperature specimen. The amount of
reduction in thermal diffusivity in SizN, was smaller
than that of SiC.

3.2. Change in physical properties of SisNy by isochronal
annealing

The changes in macroscopic length and a- and c-axes
lattice parameter of Si3Ny irradiated up to a fluence of
2.8 x 10% n/m? at 480°C during isochronal annealing
up to 1400°C are shown in Fig. 1. Macroscopic length
decreased gradually from ~500°C until around 1100°C,
and a slight increase was observed between 1200—
1300°C. Finally it shows a slight decrease at 1400°C. A
slight decrease in length at 1400°C was observed for the
unirradiated control specimen, probably due to sintering
phenomena. It is noted that a large amount of macro-
scopic swelling is not recovered by thermal annealing up
to 1400°C. A similar trend of macroscopic length change
during annealing in the specimen irradiated to a fluence
of 4.2 x 10% n/m? at 730°C was observed, and is shown
in Fig. 2. In this specimen, the decrease in macroscopic
length started around 600°C. Another trend was very
similar to that of the lower fluence specimen.

Change in lattice parameter of Si;Ny irradiated up to
a fluence of 2.8 x 10% n/m? at 480°C and 4.2 x 10%
n/m? at 730°C is very complicated, as shown in Figs. 1
and 2, respectively. It should be noted that the a-axis
and c-axis parameters were not independently deter-
mined in the lattice parameter determination proce-
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Fig. 1. Changes in macroscopic length and a- and c-axes lattice
parameter at room temperature of Si;Ny irradiated up to a
fluence of 2.8 x 10? n/m? at 480°C by isochronal annealing up
to 1400°C.
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Fig. 2. Changes in macroscopic length and a- and c-axes lattice
parameter at room temperature of Si3Ny irradiated up to a
fluence of 4.2 x 10% n/m? at 730°C by isochronal annealing up
to 1400°C.

dures. In the 480°C specimen, change in the a-axis length
kept positive values but gradually decreased up to
around 1000°C, whereas the c-axis length kept negative
values up to about 1000°C. The c-axis parameter in-
creased following 900-1100°C annealing. At 1200°C,
both the a- and c-axes length returned to the original
value of the unirradiated specimen and anisotropy of
lattice growth was diminished. In the specimen irradi-
ated up to 4.2 x 10% n/m? at 730°C, the change in lat-
tice parameter is more complicated. No systematic
change was observed, but the c-axis parameter change
was slightly negative up to ~1200°C and that of the
a-axis was almost ~0 at all annealing temperatures.
Following 1400°C annealing, the c-axis parameter of
480 and 730°C specimens showed small negative values.
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Thermal diffusivity of Si3N4 recovered gradually
during annealing above the irradiation temperatures
in both specimens irradiated up to a fluence of 0.4 x
10% n/m? at 540°C and 1.4 x 10* n/m? at 390°C, as
shown in Fig. 3. The thermal diffusivity of the unirra-
diated Si3N, is 0.266 cm?/s. During the recovery of
thermal diffusivity, there is a small step at around
1100°C. After isochronal annealing at 1500°C, thermal
diffusivity of the lower or higher fluence specimens was
recovered to be 71% or 45% of the original value. This
indicates that the recovery of the thermal diffusivity is
not completed even after annealing at 1500°C.

3.3. Change in physical properties of SiC by isochronal
annealing

The changes in macroscopic length and lattice
parameter of SiC irradiated up to a fluence of 2.8 x
10% n/m? at 480°C and 4.2 x 10%* n/m? at 730°C by
isochronal annealing up to 1500°C are shown in Figs. 4
and 5, respectively. The room temperature macroscopic
length of the 480°C specimen decreased gradually for
annealing temperatures from ~500°C until around
1400°C, and returned almost completely to the pre-ir-
radiation length. A slight decrease at 1500°C can be
attributed to sintering or evaporation of specimen,
which was also observed in the unirradiated specimen.
On the other hand, macroscopic length of the 730°C,
higher fluence specimen showed different behaviors
compared to the lower fluence specimen. It started to
decrease at around 600°C, and gradually shrunk up to
around 1200°C, and then it showed almost constant
length up to 1500°C. It is noted that a large amount of
macroscopic swelling of this specimen was not recovered
by thermal annealing up to 1500°C.
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Fig. 3. Room temperature thermal diffusivity of Si;Ny irradi-
ated up to a fluence of 0.4 x 10% n/m*> at 540°C and
1.4 x 10? n/m? at 390°C. Thermal diffusivity of the unirradi-
ated Si;Ny is 0.266 cm?/s.

Change in lattice parameter of SiC irradiated up to a
fluence of 2.8 x 10?® n/m? at 480°C and 4.2 x 10*® n/m?
at 730°C showed different behaviors, as shown in Figs. 4
and 5, respectively. In the 480°C specimen, recovery
behavior of lattice parameter is very similar both in the
trend and the quantitative amount with those of macro-
scopic length in full range of the present annealing ex-
periment. In the specimen irradiated up to a fluence of
4.2 x 10% n/m? at 730°C, the trend of change in lattice
parameter due to annealing was close to the change in
macroscopic length, but the amount of values shifted
almost in a parallel manner toward very small values.
The lattice parameter started to decrease at 500-600°C,
and reached a constant value above 1000°C. Further-

0.60 — T T T T T T T T T T T
iC- 26 2 0,
SiC: 2.8x1040 n/m#, 480 °C O Macroscopic length |
050 @ Lattice parameter
L oo
3 u
) " J
& it
g 030 a 1
= L ]
o g
020 * 4
L o e i
@]
0.10 o -
0.00 1 1 L 1 1 1 1 1 1 1 L 1 L g D
0 400 800 1200 1600

Annealing temperature (°C)

Fig. 4. Changes in macroscopic length and lattice parameter at
room temperature of SiC irradiated up to a fluence of
2.8 x 10% n/m?> at 480°C by isochronal annealing up to
1500°C.
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Fig. 5. Changes in macroscopic length lattice parameter at
room temperature of SiC irradiated up to a fluence of
4.2 x 10 n/m?> at 730°C by isochronal annealing up to
1500°C.
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Fig. 6. Room temperature thermal diffusivity of SiC irradiated
up to a fluence of 04 x10% n/m> at 540°C and
1.4 x 10%* n/m? at 390°C. Thermal diffusivity of the unirradi-
ated SiC is 0.410 cm?/s.

more, the saturated value was slightly negative
(—0.03%); it means contraction of lattice from the pre-
irradiated value.

Thermal diffusivity of SiC recovered gradually during
annealing above the irradiation temperatures in both
specimens irradiated up to a fluence of 0.4 x 10% n/m?
at 540°C and 1.4 x 10?° n/m? at 390°C, as shown in
Fig. 6. Thermal diffusivity of the unirradiated SiC is
0.410 cm?/s. It is interesting that there is no difference in
absolute diffusivity in both specimens after annealing
from room temperature to ~1100°C. At higher anneal-
ing temperatures, with the increase in diffusivity of the
540°C, lower fluence specimen is more rapid than in the
390°C, higher fluence specimen. After isochronal an-
nealing at 1500°C, thermal diffusivity of the lower or
higher fluence specimens was recovered to be 76% or
58% of the original value. This indicates that the re-
covery of the thermal diffusivity is not completed even
after annealing at 1500°C. Compared to the thermal
diffusivity recovery of SisN, (Fig. 3), there is no dis-
continuity in the diffusivity recovery of SiC.

4. Microstructure observation and discussion
4.1. SisNy

Volume swelling and thermal diffusivity reduction of
Si3sNy were reported to be 0.3-0.4% and 52-53%, re-
spectively, after neutron irradiation to a fluence of
3 x 10% n/m? at 740°C [18]. Volume swelling of about
1% was also reported after irradiation to a fluence of
2.2 x 10% n/m? at a wide range of irradiation temper-
atures between 410°C and 825°C [15,20]. Regarding the
lattice parameter change of Si3Ng, only data of very

slight increase in both the a- and the c-axes in Norton
NC-132, larger contraction in the a-axis and no change
in the c-axis in Ceradyne Si;Ny after neutron irradiation
to a fluence of 3 x 10 n/m? at 740°C were reported
[21]. The latter Si;N, contained a relatively large amount
of MgO. Present result of linear swelling corresponds
with ~0.6% volume swelling for both conditions. It is a
slightly smaller value compared with the previous study
at a comparable fluence (2.2 x 10 n/m?). From the
present study, no irradiation temperature effect was
observed on macroscopic length change. This pheno-
menon is in agreement with the previous report men-
tioned above [15,20]. Lattice parameter change observed
in the present study indicates slight expansion in the
a-axis and a slight contraction in the c-axis, which was
not observed by Hurley and Cocks’ [21]. The change is
very small in both studies, and because of the difficulty
to obtain data due to peak broadening, further research
should be necessary to obtain conclusive result on lattice
parameter change in heavily irradiated SizN4. The
reduction of thermal diffusivity observed in this study
was larger than the previous study [18].

HREM photographs of the as-irradiated Si;N4 up to
a fluence of 2.8 x 10% n/m? at 520°C are presented in
Fig. 7(a), which was observed along the [000 1] direc-
tion. It is clear that there are many line contrasts. Most
of these lines are straight along (1010) directions, but
some are bent or slightly curved. The detailed discussion
on these defects is given elsewhere [22], but these are
interstitial-type dislocation loops. These loops are
mostly located on the {1010} planes, i.e., parallel to the
c-axis. Formation of these defects was first reported by
Youngman and Mitchell [16]. The size (diameter) of
loops was measured to be 10-20 nm. No void was ob-
served along the grain boundary glassy phase. Fig. 7(b)
shows the microstructure of the specimen annealed at
1500°C. The specimen was subjected to an irradiation of
2.8 x 10? n/m? at 480°C, which is comparable with that
of the specimen shown in Fig. 7(a). The dislocations
observed in Fig. 7(b) are very similar with those of
Fig. 7(a), in size and in nature (precise study is now
ongoing). Whereas the dislocation distribution in grains
is not significantly affected by the thermal annealing up
to 1500°C, presence of relatively large voids at grain
boundary was observed, as shown in Fig. 7(c).

Based on the microstructural observation mentioned
above, the annealing behavior of physical properties of
heavily irradiated SizN, can be deduced as follows. First
of all, the anisotropic change in lattice parameter may be
attributed partly to the formation of interstitial loops on
the crystallographic planes parallel to the c-axis. As
shown in Figs. 1 and 2, macroscopic length does not
show a large recovery up to 1400°C. Only a slight de-
crease above the irradiation temperature was observed,
and furthermore, a slight increase in length above
~1200°C also detected. Former change qualitatively
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Fig. 7. TEM photographs of the as-irradiated Si;Ny irradiated
up to a fluence of 2.8 x 10% n/m? at 520°C (a), and irradiated
up to a fluence of 2.8 x 10% n/m? at 480°C and annealed at
1500°C for 1 h (b) and (c).

corresponds with the decrease in the a-axis parameter
and the increase in the c-axis parameter, indicating a
decrease in point defects between the irradiation tem-
perature and ~1200°C. The latter increase in length at
around 1200°C may be the result of void formation
along the grain boundary, as shown in Fig. 7(c). The

slight step observed in the recovery of thermal diffusivity
at ~1100°C probably corresponds with the formation of
grain boundary voids.

Another reason should be attributed to the crystal-
chemical nature of B-Si;Ny. The structure of $-Si3Ny is
based on the connection of SiNy tetrahedra. Each tetra-
hedron has a silicon atom at the center and a nitrogen
atom at each corner (phenacite-type structure). The
structure contains six-membered, corner-shared tetra-
hedral rings, with relatively large open channels at their
centers. These rings are not isolated, but are connected
along the c-axis. Sheets consisting of tetrahedral rings
stack along the c-axis without any relative displacement,
so that channels penetrate the (000 1) plane along the
c-axis. From the viewpoint of crystal chemistry, this
structure is less dense packing due to covalent bonding
nature. Most prominent feature of the B-Si;Ny structure
is the presence of a large open channel. As in the case of
a-Sialon, it can contain extra ions such as Ca, Y, Mg. If
B-Si3N,; changes into an o-phase, such as o-SizN, or
a-Sialon, the a-axis length expands whereas the c-axis
length shrinks (the c-axis length of B-SizN, corre-
sponding to one half of that of the c-axis length in
a-phases). It agrees, therefore, with the change in lattice
parameter after irradiation of the present study. Then, it
is seemed that self-interstitials caused by Frenkel pair
formation may be located into interstitial positions in
the structure such as large channels, and expand the
lattice in the g-axis direction whereas shrink the c-axis
direction, as in the case of a-SizN,4. These interstitial
clusters seem to be relatively stable, and they do not
migrate easily even at higher temperatures. Thus, these
defects cannot completely recover during annealing up
to 1400°C. The limited recovery of thermal diffusivity in
the case of Si3N, supports this estimation.

The other effect that we should mention concerns the
grain boundary phases. Most of the grain boundary
phase was glassy phase, and we could not observed an
apparent irradiation effect. On the other hand, higher
temperature annealing may progress sintering/densifica-
tion in the case of liquid phase sintered Si;Ny, such as in
the present study. This effect was observed in the unir-
radiated specimen as a linear shrinkage after isochronal
annealing above 1400°C. The promotion of solid solu-
tion with grain boundary phases means formation of
B-Sialon or a-Sialon. This phase change also induces the
lattice parameter change, therefore, more complicated
phenomena may happen. Further research is necessary.

4.2. SiC

It has generally been accepted that SiC undergoes an
isotropic expansion at irradiation temperature below
1000°C. As the neutron fluence increases up to about
3 x 10** n/m?, the expansion saturates at a level which
depends strongly on the irradiation temperature. The



108 T. Yano et al. | Journal of Nuclear Materials 289 (2001) 102-109

saturated level of the swelling decreased with increase of
irradiation temperature up to around 1000°C [1,9]. The
increase of lattice parameter is in good correspondence
with the increase in macroscopic dimension. Lattice
expansion, and consequently, macroscopic length ex-
pansion, originated mainly from points and point-like
defects. Above 1200°C, expansion of macroscopic length
increases due to formation of voids [23].

After high dose neutron irradiation, Price [24] re-
ported that X-ray line broadening occurred in B-SiC
irradiated to 5 x 10* n/m? and found that the degree of
broadening increased more after the irradiation of
1 x 10*n/m? [9]. We also confirmed that the lattice
parameter growth became smaller than the macroscopic
length growth at fluences of 4.8 x10%* and
1.7 x 10”7 n/m?, and significant broadening of X-ray
diffraction peaks was observed [25]. From a precise
analysis of the X-ray peak profiles, it was clarified that
the broadening could be attributed mainly to the
crystallite size effect at a fluence below 1.5 x 10% n/m?,
but a strain contribution was significant above
2-3x 10% n/m> at the irradiation temperature of
~500°C [12,26]. Severe line broadening and corre-
sponding decrease in lattice parameter change of SiC
have a good relation with the formation of fine inter-
stitial dislocation loops on the {111} planes of B-SiC
[12], which was observed using HREM [27,28].

From microstructural observation (HREM), the in-
terstitial loops were found to form on the {111} planes
of SiC irradiated up to a fluence of 2.8 x 10%® n/m? at
520°C and to a fluence of 4.2 x 10?® n/m? at 730°C. It is
the same type of loop that was reported before by the
present authors [12,27,28].

Recovery of the macroscopic length and lattice pa-
rameter of the specimen irradiated up to a fluence of
2.8 x 10% n/m? at 480°C indicates good correspondence
of these values, as shown in Fig. 4. Previous reports
indicate that both the specimens irradiated up to
2.0 x 10? n/m? at 600°C or 3.2 x 10%* n/m? at 530°C
showed severe XRD peak broadening and decrease in
lattice parameter, indicating the formation of the inter-
stitial loops [12]. Also the present HREM observation
of the specimen irradiated up to a fluence of 2.8 x
10% n/m? at 520°C showed the presence of the inter-
stitial loops. It is estimated that the critical temperature
for loop formation lies between 480°C and 520°C in the
case of a fluence of 2.8 x 10%* n/m?. Fig. 8 is a summary
of loop formation/XRD line broadening conditions in
SiC as a function of neutron fluence and irradiation
temperature based on the present data and previous
reports [9,12,24-26,28].

In the case of the specimen of the present study in the
loop formation region, 4.2 x 10% n/m? at 730°C, lattice
parameter and macroscopic length started to shrink at
around the irradiation temperature in an almost parallel
manner. Then, the lattice parameter change went
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Fig. 8. A summary of loop formation/XRD line broadening
conditions in SiC as a function of neutron fluence and irradi-
ation temperature based on the present data and previous re-
ports [9,12,24-26,28]. * Arrows indicate higher fluences (original
data reported using £ > 0.18 MeV [9,24]). Open circles indicate
no severe XRD line broadening or no obvious loop formation.
Closed circles indicate severe XRD line broadening or loop
formation.

through the original value and was negative during re-
covery process, as shown in Fig. 5. This phenomenon
was already observed and is discussed as follows [12].
Between irradiation temperature and ~1200°C, the
macroscopic length and lattice parameter reduced con-
currently and with the same rate. Up to ~1200°C, small
interstitial clusters start to migrate above irradiation
temperature and annihilate with vacancies, which can-
not migrate significantly below ~1000°C. During this
stage, therefore, reduction of interstitials and vacancies
occur in equal numbers. If this recombination proceeds
continuously, the number of residual vacancies becomes
much greater than that of residual interstitials, since a
large fraction of interstitial atoms are condensed into
interstitial loops. The excess vacancy-type point-defects
lead to contraction of the lattice.

5. Conclusions

Changes in macroscopic length, lattice parameter and
thermal diffusivity of heavily and concurrently neutron-
irradiated SizN; and SiC ceramics up to a fluence of
4.2 x 10*® n/m? was measured. Furthermore, changes in
these properties due to post-irradiation thermal an-
nealing up to 1500°C were measured. The results are
summarized as follows.

(1) Macroscopic length increase of Si; Ny was almost
one half of that of SiC.

(2) Lattice parameter change of SiC irradiated up to
a fluence of 2.8 x 10?® n/m? at 480°C coincided with the
macroscopic length change, but the change in lattice



T. Yano et al. | Journal of Nuclear Materials 289 (2001) 102—-109 109

parameter was significantly smaller compared with the
length change for the specimen irradiated up to
4.2 x 10% n/m? at 730°C. The critical irradiation con-
ditions for loop formation/XRD line broadening were
presented based on the present and previous results.

(4) Slight increase in the a-axis and slight decrease in
the c-axis lattice parameter were detected for the Siz;Ny
specimens irradiated up to a fluence of 2.8 x 10% n/m?
at 480°C and 4.2 x 10*® n/m? at 730°C. The amount of
change was very small compared with the macroscopic
length change.

(5) Thermal diffusivity of Si3N, and SiC was reduced
severely by the irradiation up to a fluence of
4 x 10® n/m? at 540°C.

(6) Changes in macroscopic length, lattice parameter
and thermal diffusivity of irradiated Si;N,4 by post-irra-
diation annealing were measured for the first time. Large
part of thermal diffusivity was recovered by annealing,
with small step at ~1100°C, but macroscopic length did
not significantly change by annealing. Change in lattice
parameter showed a complicated trend. It is supposed
that formation of interstitial loops on the planes parallel
to the c-axis, formation of voids during annealing or
difficulty of recovery of points defects/loops, or solid
solution formation due to glassy grain boundary phase
may influence the recovery behavior of Si;N4 ceramics.

(7) Changes in macroscopic length, lattice parameter
or thermal diffusivity of SiC by annealing coincided with
the results of previous studies.
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