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Abstract

The macroscopic length change of SiC due to neutron irradiation and recovery by subsequent annealing was examined.
Samples were fast-neutron-irradiated to a fluence of 5.3 · 1024 n/m2 (En > 0.1 MeV) at 470 �C, and 1.9 · 1023 n/m2 at
<200 �C. The length change did not saturate over 6 h at each isothermal annealing temperature between irradiation tem-
perature and �1200 �C. It was shown that the macroscopic length change could be fitted roughly as a straight line against
the square root of total isothermal annealing time, indicating vacancy–interstitial recombinations are the main mechanisms
for the recovery. Using recovery behavior during isochronal and isothermal annealing, the activation energy for the
annealing of dilatation was estimated. The activation energy of length recovery increases with increasing annealing tem-
perature, with several small stages.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Monolithic SiC and SiC fiber-reinforced SiC com-
posite are candidates for the first wall and blanket of
advanced fusion reactors [1,2]. These components
operate in an extremely high flux of fast neutrons
generated by the nuclear fusion reaction, and must
operate at high temperatures. Therefore, it is
important to clarify the influence of the neutron
irradiation on various physical properties of SiC.
However, the details of the recovery process of irra-
diation-induced defects during post-irradiation heat-
treatment are not fully understood [3–9]. This
provides information on the thermal stability of each
kind of defects in the crystal and is used in estimating
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the accumulation and stability of them, and conse-
quently the life of the material can be estimated.

In ceramics, it is generally accepted that vacancy
is a defect that can migrate only at relatively higher
temperature while interstitial can migrate at rela-
tively lower temperature. Primak et al. [10] first
observed the neutron-irradiation damage of SiC
irradiated at the Hanford reactor, and reported that
SiC expanded as a result of irradiation and recovery
on annealing, starting at a relatively low tempera-
ture and continuing monotonically up to �1200
�C. Many later observations confirm the recovery
behavior of SiC, namely, the recovery of length,
volume or density starts near the irradiation temper-
ature and continues monotonically up to around
1200 �C on isochronal annealing, for example by
Pallentine [11] and Price [9]. One of the present
authors [12] also reported that SiC ceramic neu-
tron-irradiated at 280 �C started to recover at
.
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�300 �C. These results indicate that interstitial
atoms introduced by neutron irradiation of SiC
have mobility near room temperature. On the other
hand, Price [13] reported that the length of SiC due
to irradiation above 1200 �C expanded by the for-
mation of voids. The result clearly shows that the
vacancy has mobility at least at �1200 �C. Recently,
Katoh et al. [14] reported swelling behavior of ion-
irradiated SiC, and suggested that vacancies can
migrate at �1000 �C.

The volume expansion produced by fast neutron
irradiation and its recovery during post-irradiation
heat-treatment is closely related to the concentra-
tion of crystalline defects such as interstitial atoms
and vacancies. Therefore, it is plausible to measure
changes in volume or macroscopic length to esti-
mate the concentration of defects and their stability.

In this study, changes of the macroscopic length
due to neutron irradiation and due to post-irradia-
tion isothermal annealing up to 6 h between room
temperature and 1400 �C were measured to clarify
the thermal stability of neutron-irradiation induced
defects. Isochronal annealing was also used to track
defect behavior.
2. Experimental procedure

Two kinds of materials used in this study were
pressureless sintered a-SiC (mainly 4H and 3C poly-
type) ceramics containing Al2O3 as a sintering addi-
tive (Asahi Glass Company, Ceraroi-C600) and
pressureless sintered SiC containing B4C as a sinter-
ing additive (a-SiC, mainly 6H polytype, Kyocera,
SC-221). The polytype and the content of the sinter-
ing additive of the materials were measured with
XRD and EDX. The specimens were rectangular
bars 2 · 4 · 25 mm3 in size. These specimens were
neutron irradiated in the Japan Materials Testing
Reactor (JMTR). The SiC specimens containing
Al2O3 were irradiated to a fluence of 5.3 · 1024 n/
m2 (En > 0.1 MeV, �0.5 dpa) at 470 �C (material
A), and the SiC containing B4C was irradiated to
Table 1
Irradiation condition and swelling of the materials

Irradiation condition Material no.

5.3 · 1024 n/m2 (E > 0.1 MeV) A (isothermal)
470 �C A1, A2 (isochronal)

1.9 · 1023 n/m2 (E > 0.1 MeV) B (isothermal)
<200 �C B1, B2 (isochronal)

a Average of A or B specimens.
b Independent value of the specimen.
a fluence of 1.9 · 1023 n/m2 (En > 0.1 MeV, �0.02
dpa) at <200 �C (material B). The effects of glassy
phase in the material A on recovery behavior are
unknown at present. But usually, deformation or
shrinkage due to grain boundary phase happens at
higher temperature than 1200 �C. From our previ-
ous studies [15,16], the resemble SiC (SC-201, Kyo-
cera) containing nearly the same amount of B and
C, and irradiated in the order of 1024 n/m2 using
JMTR, showed bubble swelling if it was annealed
higher temperature than 1200 �C. Therefore, at
present, effects of the B4C (i.e., He production) in
the material B on the recovery of dilatation up to
1000 �C may be negligible due to much lower flu-
ence and lower annealing temperature.

Two specimens of each irradiated material were
isochronally annealed for 6 h in vacuum, from the
irradiation temperature to 1400 �C with temperature
interval of 50 �C. The other specimen, one of each
material type, was isothermally annealed at each iso-
chronal annealing temperature in series. They were
heated up to 1000 �C in an infrared-heating vacuum
furnace (�10�3 Torr), and above 1000 �C in a tung-
sten-heating element furnace (�10�6 Torr). The iso-
thermal annealing was performed sequentially with
measurements at annealing times of 2, 5, 10, 30,
60, and 240 min. Total duration of isothermal
annealing at each temperature was 347 min. The
specimen length was measured using a point-type
micrometer at 25 �C using fixture jig. The accuracy
of the measurement was better than 0.004%
(±1 lm).

Experimental conditions and changes in length
due to the neutron irradiation are summarized in
Table 1.
3. Results and discussion

3.1. Recovery during isothermal annealing

Fig. 1 shows typical changes in length during iso-
thermal annealing of the material B specimen. The
Linear swelling (%) Sintering additives

0.379a Al2O3

0.367b 2–5 wt%

0.464a B4C
0.423b 0.2–0.3 wt%
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isothermal annealing temperatures shown in this
figure are 450 �C, 550 �C, 800 �C, 900 �C, and
1150 �C. The length change is given as a percentage
of the pre-irradiation length of the specimen. The
irradiation temperature for this specimen was less
than 200 �C. There was only negligible change
(�0.003%) after 6 h in macroscopic length due to
isothermal annealing at 150 �C. At the isothermal
annealing temperatures above 150 �C, the length
decreased gradually as the annealing time increased
up to 6 h, for annealing temperatures up to 1200 �C.
The value of length change during any one isother-
mal annealing step (total 347 min) was nearly inde-
pendent of the annealing temperature.

In the case of the material A specimen, there was
no change in length due to the isothermal annealing
at 450 �C. The irradiation temperature of the mate-
rial A was reported to be 470 �C, therefore the length
did not change by annealing at 450 �C, i.e., lower
than the irradiation temperature. During the isother-
mal annealing at 550 �C, the length slightly decreased
as the annealing time increased. A similar trend was
observed for the isothermal annealing at 800 �C, but
the total amount of change was larger than that at
550 �C. The degree of length change after one
isothermal annealing step increased gradually from
�550 �C, and was the largest for anneals at 950–
1200 �C, and decreased for annealing above 1250 �C.
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Fig. 1. Length change of the SiC material B as a function of the
isothermal annealing time.
During these isothermal annealing times up to
6 h, recovery of length in both materials continued
for more than 2 h, and it was clear that the recovery
at each temperature was not saturated completely
even at 6 h.

As shown in Fig. 2, the length change of the
material B specimen at each isothermal annealing
temperature could be roughly fitted as a straight line
against the square root of total isothermal annealing
time, whereas some scatter of data was observed.
The same tendency was observed for material A
for all isothermal annealing temperature above
500 �C.
3.2. Recovery during isochronal annealing

Fig. 3 shows changes in length by isochronal
annealing for 6 h at each temperature step. The
length change of material A (two specimens) started
to decrease near the irradiation temperature
(470 �C), and decreased with increasing annealing
temperature. The annealing curves of material A
were somewhat rounded, i.e., not linear with
annealing temperature. The length change of mate-
rial B (two specimens) started to decrease near
150 �C, and decreased almost linearly with increas-
ing annealing temperature.
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Fig. 2. Length change of the SiC material B as a function of the
square root of total isothermal annealing time.
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Fig. 3. Length changes as a function of isochronal annealing
temperature, for annealing times of 6 h at each temperature step.
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3.3. Discussion

If the neutron fluence is not too high (less than
�1 · 1026 n/m2 (�10 dpa)), formation of defects
clusters such as interstitial loops is limited [17], thus
the irradiated SiC of the present study contains
mostly point defects and their small clusters as irra-
diation induced defects. The effect of He production
for length change in material B containing B4C up
to 1000 �C can be neglected due to very low fluence
and low annealing temperature, as mentioned in
experimental procedures. Thus, for the mechanism
of length recovery during thermal annealing in the
present specimens, it is suggested that interstitial
atoms migrate to vacant sites as basic reactions,
and then annihilate at temperatures lower than
1000 �C, based on the previously reported studies.

As shown in Fig. 2, it was observed that the
length change can be roughly fitted as a straight line
against the square root of total isothermal annealing
time. Waite [18] discussed the diffusion-limited reac-
tion of the simple A + B! AB type reaction. When
a V–I Frenkel pair is produced from a single colli-
sion during electron irradiation, the defects locate
on adjacent lattice sites, and they are uniformly dis-
tributed in the sample. The ratio u that disappears
by annealing to an initial density of vacancy and
interstitial atom is given by,

u ¼ jðDtÞ1=2
; ð1Þ

j ¼ 8p1=2r2
0N expð�1=k2Þ; ð2Þ

where k is a parameter shows the extension of the
distribution of adjacent V–I pair, N is a normaliza-
tion constant, and r0 is a capture radius. This equa-
tion had been applied to the interpretation of the
process of interstitial–vacancy pair recombination
[18]. Although our specimens were irradiated by
neutrons, most of the data points roughly lie on
straight lines when plotted against the square root
of total isothermal annealing time as shown in
Fig. 2. Therefore annealing behavior of the present
specimens can be expressed using Eq. (1), and it is
suggested that the reaction should be proceeded in
which interstitial atoms migrate to the vacant sites,
and then annihilate. Since a continuous line without
clear step was observed for the isochronal annealing
above the irradiation temperature and up to
�1200 �C, as shown in Fig. 3, it was suggested that
the arrangement of point defects, i.e., the interstitial
atoms, vacancies and anti-site defects, is not simple.
A lot of complex interstitial states exist in the SiC
lattice, consequently the dissociation temperature
is distributed continuously up to high temperatures,
and the activation energy for dissociation and
migration of interstitial atoms is really a distribu-
tion of energies, different for each site and migration
path. It is generally believed that covalent crystals,
such as SiC, have a wide variety of stable positions
including pseudo-stable topological positions [19].

Using a combination of isochronal and isother-
mal annealing, Meechan and Brinkman obtained
the activation energy of the recovery stage that
corresponds to a certain temperature [20,21]. If the
initial defect concentration and profile are the same
for each annealing experiment, the activation energy
can be determined using the following expression:

ln Dsl ¼ ln ti þ
E

kT a

� E
kT i

; ð3Þ

where Dsl is the isothermal annealing time at tem-
perature, Ta. Ta is needed to anneal the same
amount of defects in the ith isochronal pulse of time
ti at a temperature, Ti. Where ln ti and E/kTa are
constant, one obtains

ln Dsl ¼ C � E
kT i

: ð4Þ

A plot of lnDsl is linear in 1/Ti for a single acti-
vated process. From the slope, activation energy of
the recovery at that temperature can be determined.

We applied this procedure to the recovery of
length change of neutron-irradiated SiC. Fig. 4
shows the activation energy obtained for the materi-
als A and B versus annealing temperature, using the
data of the total isothermal annealing time from
30 min to 6 h. It is clear that the activation energy
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Fig. 4. The activation energy for recovery of dilatation as a
function of annealing temperature.
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of the recovery process increased gradually from
200 �C to �1000 �C. The activation energies
obtained from the materials A and B mostly over-
lapped. The data obtained from the material B
covered wide range of annealing temperatures. We
carefully examined the activation energies obtained
from the material B, where small step-like increase
of activation energy can be identified. There are
steps at <200–350 �C, 400–650 �C, 700–850 �C,
900–950 �C, and higher than 1000 �C, corresponding
to activation energies of �2.2 eV, �3.6 eV, �5.3 eV,
7 eV, and �9.5 eV, respectively. The material A
shows almost the same activation energies.

Primak [10] reported the activation energies for
annealing of dilatation of neutron-irradiated SiC,
with a wide range of energy spectra from less than
1.5 eV up to 4.3 eV, with a maximum found at
3.4 eV, for the temperature range from 200 to
1200 �C. Recently, Weber et al. [22,23] investigated
isochronal and isothermal annealing of Si+ and
C+ ion-irradiation induced damage in SiC. Due to
the ion-irradiation (550 keV C+) at low temperature
(�113 to �83 �C), the activation energy for recovery
of the Si sublattice was found to be 1.5 ± 0.3 eV
from 300 �C to 600 �C. Weber et al. [24] also
reported three recovery stages at �100 to 30 �C
(stage 1), 150–280 �C (stage 2), and 300–430 �C
(stage 3) for Au2+ irradiated 6H–SiC, and corre-
sponding activation energies of 0.3 ± 0.15 eV,
1.3 ± 0.25 eV and 1.5 ± 0.3 eV, respectively.

Recently, many attempts to estimate annealing
kinetics of defects by theoretical approach using
computational methods based on molecular dynam-
ics (MD) or first-principles method. Gao et al. [23]
indicated that activation energies for defect recom-
bination processes range from 0.22 to 1.6 eV for C
Frenkel pairs and from 0.28 to 0.9 eV for Si Frenkel
pairs. The lower activation energies of the range
indicated spontaneous recombination can happen
on both Si and C sublattices below room tempera-
ture, corresponding above mentioned Weber’s stage
1 recovery. The stage 2 can be explained as a recom-
bination of interstitials separated from vacancies at
distance longer than second nearest-neighbor dis-
tance. Bockstedte et al. [25] estimated several possi-
bilities of annealing process of defects in 3C–SiC,
including I–V recombination, diffusion to sinks,
and formation of interstitial clusters. The recom-
bination energy of C vacancies was reported to be
0.4–1.0 eV for Csph100i–VC and 1.2–1.4 eV for
CspSih100i–VC, and that of Si vacancies was from
�0.2 eV for Sisph1 1 0i to 3.2 eV for SiTC,2–VSi!
CSi–SiC (anti-site pair formation). Furthermore,
they provided dissociation energy of C atom from
interstitial clusters. That is ranging from 0.4 to
5.7 eV depending on the cluster size and configura-
tion. The Si vacancy migration barriers are reported
as 3.2–3.6 eV, and those of Si interstitials are 1.4 or
3.5 eV. The C migration energies also varied 0.5–1.4
for Csph1 0 0i or 3.5–5.2 eV for VC, depending on the
charge state. Whereas lots of energies are estimated
by the theoretical calculations, the observed first
(<200–350 �C) and second (400–650 �C) stages can
be attributed to CspSih100i–VC recombination, and
SiTC,2–VSi! CSi–Sic recombination (anti-site pair
formation) or Si interstitial migration, respectively.
A part of the stages higher than 700 �C may be
attributed for the dissociation of C atom from car-
bon clusters, at present. It is necessary to obtain
more accurate activation energy to attribute each
step for corresponding annealing processes, and
reassignment should be necessary.

The activation energies obtained in the present
study were about twice those of the experimentally
observed values for the corresponding temperature
range. In this study, isothermal annealing was con-
ducted serially, using the same specimen with
increasing isothermal temperature. It means that
the initial defects concentration and profile were
not the same, and gradually changed toward higher
energies with increasing temperature. Whereas these
changes are expected, since we only used annealing
data for long duration (30 min to 6 h) in each
annealing step, the effect of annealing at previous
(lower) temperatures should be mostly negligible.
Therefore, activation energies at each temperature
represent thermal stability of defects at that temper-
ature, but slightly higher values might be obtained.
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There were some differences in isochronal anneal-
ing rate (Fig. 3) between material A and B. The
material B showed a relatively straight line against
annealing temperature for the beginning of recov-
ery, just beyond the irradiation temperature, as
reported for SiC previously. On the other hand,
material A showed more moderate shrinkage close
to the irradiation temperature, therefore the anneal-
ing curve was not straight, but rounded. It indicated
the rate of recovery in dilatation around 600–800 �C
in the material A was smaller than that of the mate-
rial B. There are some reasons that contribute to
this difference, for example, difference in polytype
of SiC, different kind and amount of sintering addi-
tives, or total neutron fluence. Further research is
necessary to define the reason for the difference.

4. Conclusions

The results of precise isothermal and isochronal
annealing studies on length measurement for the
neutron-irradiated SiC during post-irradiation
annealing are summarized as follows:

(1) The recovery of length during the isothermal
annealing does not saturate at 6 h. It was
shown that the length change becomes
roughly a straight line when plotted as the
square root of total isothermal annealing time,
indicating that vacancy–interstitial recombi-
nations, including many processes, are mainly
responsible for length recovery.

(2) The activation energy for the recovery of dila-
tation increases with increasing annealing tem-
perature. Several recovery stages up to
1000 �C, which were not seen in the isochronal
annealing curves, were recognized by careful
analysis of the data, suggesting several mecha-
nisms should be included for recovery of
dilatation.
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