
Journal of Nuclear Materials 351 (2006) 228–240

www.elsevier.com/locate/jnucmat
Microstructural development in cubic silicon carbide
during irradiation at elevated temperatures

Y. Katoh a,*, N. Hashimoto a, S. Kondo b, L.L. Snead a, A. Kohyama b

a Metals and Ceramics Division, Oak Ridge National Laboratory, 1 Bethel Valley Road, P.O. Box 2008, MS-6138,

Oak Ridge, TN 37831-6138, USA
b Institute of Advanced Energy, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan
Abstract

Microstructural development in chemically vapor-deposited (CVD) high-purity beta-SiC during neutron and self-ion
irradiation at elevated temperatures was studied. The CVD SiC samples were examined by transmission electron micro-
scopy following neutron irradiation to 4.5–7.7 · 1025 n/m2 (E > 0.1 MeV) at 300 and 800 �C and 5.1 MeV Si2+ ion irradi-
ation up to �200 dpa at 600–1400 �C. The evolution of various irradiation-produced defects including black spot defects,
dislocation loops, network dislocations, and cavities was characterized as a function of irradiation temperature and flu-
ence. It was demonstrated that the black spot defects and small dislocation loops continue to dominate at relatively
low temperatures (<�800 �C), whereas they grow into Frank faulted loops and finally develop into dislocation networks
at a higher temperature (1400 �C). Substantial cavity formation on grain boundaries and stacking faults was confirmed
after ion irradiation at 1400 �C. These observations were discussed in relation with the known irradiation phenomena
in SiC, such as low temperature swelling and cavity swelling.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Silicon carbide (SiC) and SiC-based ceramic
composites are both promising materials for various
structural and functional components in nuclear
energy systems. Chemically vapor deposited (CVD)
SiC has been considered as the pressure vessel mate-
rial for high temperature gas-cooled reactor
(HTGR) fuel particles [1] and the solid matrix mate-
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rial of fuel blocks for the gas fast reactors (GFR).
SiC fiber-reinforced SiC-matrix composites are the
advanced options for the control rod sleeves and
the guide tubes materials in very high temperature
reactors (VHTR) [2]. Moreover, some of the GFR
core concepts assume the SiC/SiC composite to be
a viable material for the extensive use, for example,
as the fuel pin cladding [3,4]. For fusion reactors,
the use of SiC/SiC composites for primary struc-
tures is envisioned in a variety of gas-cooled and
liquid metal-cooled blanket concepts [5,6]. Some
of the proposed test blanket module (TBM) designs
for the international thermonuclear experimen-
tal reactor (ITER) utilize SiC and/or SiC/SiC
.
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composites as the materials for flow channel insert
(FCI) [7] and solid breeding pebble containers.

All the materials mentioned above consisted pri-
marily of polycrystalline beta-phase (or cubic) SiC
that has the 3C crystallographic structure. The pri-
mary benefit of using beta-SiC and its composites
for nuclear applications is the potential lack of
severe effects of neutron irradiation, in addition to
other well-known advantages of SiC such as the
retention of strength and chemical inertness up to
very high temperatures and the inherent low activa-
tion/low decay heat properties. For monolithic
beta-SiC, strength retention after neutron irradia-
tion to �2 · 1026 n/m2 at 740 �C has been reported
by Price and Hopkins [8]. Moreover, strengthening
and/or toughening of beta-SiC by neutron irradia-
tion to 1 · 1023–8 · 1025 n/m2 (E > 0.1 MeV) at
temperatures of 80–1050 �C are likely according to
recent reports [9–13]. On the contrary, Dienst
reports a substantial degradation of flexural
strength of CVD SiC beyond the neutron fluences
over 1 · 1026 n/m2 at 400–600 �C [14–16]. For com-
posites with the matrices and the reinforcing fibers
both made of (near-) stoichiometric beta-SiC, no
degradation in the ultimate flexural strength has
been reported after neutron irradiation up to
�8 · 1025 n/m2 at 300–800 �C [17–20].

In addition to the fracture strength modifica-
tions, a variety of irradiation effects in SiC has been
reported. They are far from well understood in
terms of physical mechanism and microstructural
processes. For example, the irradiation-induced
toughening of CVD SiC is often observed [13], but
the responsible microstructural defects and the
mechanism have not been clarified.

The low temperature swelling is a well known
irradiation-induced phenomenon for crystalline
SiC [21–24]. During irradiation at temperatures
below �1000 �C, SiC undergoes isotropic volume
expansion that initially increases with the fluence
and eventually saturates at temperature-dependent
values [25]. Such characteristics have been utilized
for the operation temperature estimation of test
capsules in nuclear reactors. However, in spite of
the extensive phenomenological studies for temper-
ature monitor applications, microstructural defects
responsible for low temperature swelling have not
been identified. Thermal conductivity degradation,
which has also been extensively studied [26–28]
and appeared to be strongly correlated with the
magnitude of low temperature swelling [29], has
not been linked to the primary contributing defects.
The difficulty in identifying the mechanisms for the
low temperature swelling and the thermal conduc-
tivity degradation could be attributed to the
complex nature of point defects in the ceramic com-
pound, the lack of defect clusters easily resolvable
by transmission electron microscopy (TEM) for
irradiation at temperatures below �800 �C, the lack
of reliable energetics for the point defects, and the
estimated similar contributions from the various
defect species [30–32].

Other important irradiation phenomena in SiC
include cavity swelling and irradiation creep. Cavity
production in beta-SiC by neutron irradiation has
been reported at temperature above 1250 �C [33].
However, the phenomenological understanding of
cavity swelling in SiC has not been incomprehensive
and the driving mechanism has not been discussed
to the best of our knowledge. Also, very little is
known about the irradiation creep phenomena and
the mechanisms, in spite of the potential extreme
importance of the irradiation creep issues for the
nuclear thermostructural applications [34–36]. In
order to obtain insights to the kinetics of both
cavity swelling and irradiation creep, fundamental
understanding of the dislocation evolution during
irradiation has to be gained.

This work is motivated to advance the fundamen-
tal understanding of microstructural evolution in
polycrystalline beta-SiC during irradiation, in order
to aid addressing its various irradiation phenomena.
Specifically, the microstructures after neutron and
self-ion irradiations at relatively low temperatures
were examined, primarily in relation to low temper-
ature swelling. The cavity swelling and dislocation
evolution during self-ion irradiation were also exam-
ined. The technique of self-ion irradiation was
employed particularly for the purpose of studying
microstructural evolution at very high temperatures,
taking advantage of the versatility of target setup in
ion irradiation experiments. Finally, mapping of
the microstructural development in beta-SiC as a
function of irradiation temperature and fluence
was attempted. In addition to the nuclear applica-
tions, the obtained microstructural information is
relevant to studies on SiC for applications in semi-
conductor and space industries, and accelerator
facilities.

2. Experimental procedure

The material used was CVD SiC produced by
Rohm and Haas Advanced Materials (Woburn,
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Massachusetts), which is a high-purity (>99.9995%
manufacturer-claimed purity) polycrystalline beta-
SiC. The crystal grains in this material are colum-
nar-shaped typical in the CVD-grown SiC. The
column width is mostly 1–50 l and approximately
parallel to one of the {11 1} planes. The crystal
grains are highly faulted with the typical stacking
fault inter-distances of a few 100 nm.

Neutron irradiation was performed in the remov-
able beryllium (RB) facility and the peripheral target
position tubes of the high flux isotope reactor
(HFIR) at the Oak Ridge National Laboratory
(ORNL). Bend bar samples of CVD SiC were irradi-
ated to 6.0 · 1025 n/m2 (E > 0.1 MeV) at 300 �C and
4.5 and 7.7 · 1025 n/m2 at 800 �C. Assuming that 1.0 ·
1025 n/m2 corresponds to 1 dpa in SiC, damage rate
for the neutron irradiation was �5 · 10�7 dpa/s.
The irradiation temperature was maintained typically
within ±20 �C of the designated temperature. Thin
foil samples for microstructural examination were
prepared by cutting with a low speed diamond saw,
grinding with diamond paste, and ion milling with
3 keV argon ions in a Gatan Model 600 Duo Mill.

The self-ion irradiation was performed at the
DuET multi-beam accelerator facility, Kyoto Uni-
versity [37,38]. The irradiation temperatures and
the dose were 600–1400 �C and up to �200 dpa,
respectively. 5.1 MeV Si2+ ions were used and the
damage rate was �1 · 10�3 dpa/s at the depth of
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Fig. 1. Depth profile of displacement damage rate and ion deposition r
TRIM-98 code assuming displacement threshold energy of 35 eV.
1 lm. The temperature of individual specimens
was monitored by infrared thermography that was
calibrated in situ using a thermocouple, and was
maintained within ±10 �C of the designated temper-
ature. The ion beam flux distribution was monitored
intermittently by a two-dimensional array of micro-
Faraday cups. The conversion from beam flux to
damage rate relied on the calculation using the
TRIM-98 code and the sublattice-averaged dis-
placement threshold energy of 35 eV [39]. The calcu-
lated profiles of the damage rate and the deposition
rate of injected silicon ions are presented in Fig. 1.
The ion-irradiated samples were made into cross-
sectional thin foils through a focused ion beam
(FIB) processing using <30 keV gallium ions.

The microstructural examination was carried out
by using JEOL JEM-2000FX and JEM-2010ES-II
transmission electron microscopes (TEM), both
operated at 200 kV. The ion-irradiated specimens
were examined in the areas typically 1000 nm from
the irradiated surface, which is sufficiently distant
from the surface during irradiation. The estimated
concentration of deposited silicon ions is five atomic
parts-per-million per dpa.

3. Results

Fig. 2(A) shows the microstructure of cubic SiC
irradiated to 6.0 · 1025 n/m2 at 300 �C, taken near
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Fig. 2. Weak beam dark field images of the defect microstructures in neutron-irradiated cubic SiC. (A) 300 �C, 6.0 · 1025 n/m2; (B) 800 �C,
4.5 · 1025 n/m2; and (C) 800 �C, 7.7 · 1025 n/m2.
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a beam direction B � [011] and with the diffraction
vector g parallel to [200]. The only apparent micro-
structural feature added by the neutron irradiation
was small clusters with a strain contrast, which were
uniformly dispersed at a high density. These clusters
appear as dark spots in a bright field image and are
often called black spot defects or black dot defects.
The mean size of the black spot defects estimated
from the weak beam dark field images was smaller
than 1 nm, whereas the density appeared to be
2.2 · 1024 m�3. Result of the microstructural obser-
vation is summarized in Table 1.

Fig. 2(B) and (C) shows the weak beam dark field
images of the samples irradiated to 4.5 · 1025 and
7.7 · 1025 n/m2, respectively, at 800 �C. The imaging
condition is identical with that in Fig. 1(A). At this
temperature, many of the defect clusters appeared
as or looked like dislocation loops and the rest
appeared as the black spot defects. Irradiation-pro-
duced defects of other types, such as large disloca-
tion loops and voids, were not found. A larger
fraction of the defects was identified as loops at
7.7 · 1025 n/m2 than at 4.5 · 1025 n/m2. Therefore,
it is likely that the small clusters appearing as black
spot defects develop into dislocation loops as the
neutron fluence increases. The defect size, averaged
over the loop diameters and the black spot diago-
nals, increased from �2.6 nm at 4.5 · 1025 n/m2 to
�3.0 nm at 7.7 · 1025 n/m2. Also, the total number
density of the visible loops and black spot defects
slightly increased from 2.6 · 1023 m�3 to 3.3 · 1023

m�3 as the neutron fluence increased.
In the electron diffraction patterns for the neu-

tron irradiated samples, no satellite streaks were
detected. Attempts to visualize the h111i streak
images revealed only the stacking faults which had



Table 1
Microstructural data for irradiated cubic SiC

Irr. temp. (�C ) Dose (·1025 n/m2 or dpa) Black spot/loops Cavities

Type Density (m�3) Radiusa (nm) Density (m�3) Radius (nm)

Neutron (0.5 · 10�6 dpa/s, HFIR, ORNL)
300 6.0 Black spots 2.2 · 1024 <0.5 Not detected
800 4.5 Mix 2.6 · 1023 1.3 Not detected
800 7.7 Mix 3.3 · 1023 1.5 Not detected

Ion (�1 · 10�3 dpa/s, 5.1 MeV Si2+, DuET, Kyoto University)
600 10 Black spots n/mb n/m Not detected
800 10 Mix n/m 2.2 Not detected
1000 10 Loops 2.6 · 1023 �2 <1 · 1020 1.6c

1400 10 Loops 2.3 · 1021 �5 2.0 · 1022 d � 2.0
1400 30 Loops 2.3 · 1021 12.0 1.3 · 1024 d � 2.0
1400 100 Loops 5.2 · 1021 18.1 1.8 · 1024 d � 2.0

a 1/2 of the approximate mean size for the black spot defects.
b Not measured.
c Grain boundary cavities.
d Local number density of grain/twin boundary cavities.
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been pre-existing in the as deposited material. Addi-
tionally, only a few loops produced at 800 �C
appeared in the edge-on orientations in the
B = h01 1i beam direction, whereas the 50% of the
Frank faulted loops lying on {111} family planes
must appear edge-on. Therefore, the majority
of the dislocation loops observed are not Frank
loops.

An attempt was made to identify the loops’ Bur-
gers vector by examining the visibility of loops in
several different reflection conditions. An example
Fig. 3. Weak beam dark field images of the defect microstructures in cub
with a strong contrast in the [200] reflection (in solid squares) do no
circles).
pair of the micrographs is presented in Fig. 3. In this
case, loops which have a strong contrast with
g = [200] are not visible with g ¼ ½111�. The other
way around, loops clearly visible with g ¼ ½111�
completely disappear with g = [200]. These loops
most likely have Burgers vector parallel to h0 11i
and presumably a/2h011i in this system. Also, some
of the clusters with a strong contrast in a B � ½112�
and g = [311] condition became invisible in both
g ¼ ½131� and g = [220] conditions, implying the
contrast is caused by Shockley partial segments.
ic SiC irradiated at 800 �C to 7.7 · 1025 n/m2. Note that the loops
t appear in the ½111� reflection image, and vice versa (in dashed
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The microstructures for the case of irradiation by
silicon ions are shown in Fig. 4 at a dose of 10 dpa.
The micrographs in Fig. 4(A)–(C) were taken in a
B � [011] and g = [200] condition. The ion irradia-
tion at 800 �C produced defect structures very
similar to that of neutron irradiation at the same
temperature, comprising dislocation loops and
smaller defects which are classified as black spot
defects. The measured mean defect size in the ion-
irradiated sample was slightly larger than that in
the sample neutron-irradiated to 7.7 · 1025 n/m2,
due primarily to the presence of the larger loop pop-
ulation. On the contrary, a slightly finer dislocation
loop microstructure in the ion-irradiated sample has
been reported in a work involving a direct compar-
ison of the ion- and neutron-irradiated materials at
Fig. 4. Weak beam dark field images of the defect microstructures in cub
follows: (A–C) B � [011], g = [200]; (D) B � [011], h111i satellite stre
the same dose [40]. The total number density of the
loops and black spot defects appeared to be higher
for the case of ion irradiation than for neutron irra-
diation. This indicates that the difference in defect
microstructure between ion- and neutron-irradia-
tion at 800 �C was not in defect species but in defect
number density.

At 1000 �C, the ion-irradiated microstructure
was similar to that after irradiation at 800 �C, con-
sisting of dislocation loops and black spot defects.
The defect number density was apparently lower
than at 800 �C and close to that caused by neutron
irradiation at 800 �C to similar doses. The mean
defect size was again similar to that for the case of
ion irradiation at 800 �C. No streaks corresponding
to the extra {111} planes were found in the electron
ic SiC irradiated to 10 dpa by Si2+ ions. Imaging conditions are as
ak image around g = [200] reflection.
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diffraction patterns obtained from the samples irra-
diated to 10 dpa at 800 �C and 1000 �C. Attempts of
imaging by the assumed streak positions in the dif-
fraction patterns revealed only the presence of twin
boundaries. Therefore, the visible defect clusters are
not Frank faulted loops.

The dominant features produced by ion-irradia-
tion to 10 dpa at 1400 �C could be clearly identified
as dislocation loops. These loops were much larger
than those observed after irradiation at lower
temperatures and appeared well oriented on the
{111} planes. Streaks caused by the extra {111}
planes were clearly observed in the electron diffrac-
tion pattern. The imaging by the streaks revealed
Frank faulted loops, as shown in Fig. 4(D).

Fig. 5 shows the evolution of dislocation micro-
structure with the increasing fluence at 1400 �C.
Fig. 5. Dose dependent evolution of dislocation microstructures in cub
B � [011], g in parallel to ½011�.
As seen in Fig. 5(A), the defect clusters become vis-
ible in TEM at 2 dpa as tiny black spot defects and
small dislocation loops. These small dislocation
loops do not have a stacking fault. At 10 dpa, the
dislocation structure becomes primarily Frank
faulted loops, but still the black spot defects and
the smaller non-faulted loops are present
(Fig. 5(B)). By 30 dpa, the Frank faulted loops grow
to larger sizes and the black spot defects and the
small non-faulted loops disappear (Fig. 5(C)). As
the fluence exceeds �100 dpa, the loops grow into
dislocation network, which still involves loop-like
segments at �200 dpa, as seen in Fig. 5(D).

In Fig. 6, micrographs with the underfocused
cavity images of the ion-irradiated samples are
presented. These cavities are believed to be voids
produced by the irradiation. Cavities were not
ic SiC irradiated by Si2+ ions at 1400 �C. Imaging conditions are



Fig. 6. Cavity microstructures in cubic SiC irradiated by Si2+ ions.
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found in samples irradiated at 800 �C. After irradi-
ation at 1000 �C, cavities were produced very spar-
sely. Fig. 6(A) is not representative of the cavity
microstructure after irradiation at 1000 �C in terms
of the number density. Such cavities were found
only on grain boundaries at 1000 �C and 10 dpa,
although that is not clearly seen in Fig. 6(A).

The cavities were more abundantly observed in
samples ion-irradiated at 1400 �C. At 10 dpa the
cavities were produced only on grain boundaries
and stacking faults throughout the thin foil exam-
ined. Fig. 6(B) represents the cavity microstructure
in that condition to some extent. The cavity number
density increased dramatically by a dose of 30 dpa,
due mainly to the extensive cavity nucleation on
twin boundaries. By 100 dpa at 1400 �C, as seen in
Fig. 6(C), the cavities had become more abundant.
The cavity nucleation was still limited on stacking
faults and grain/subgrain boundaries, and most of
the cavities were found to be aligned flat on twin
boundaries because of the much higher density for
twin boundaries than the other types of planar
boundaries. Cavities on the grain boundaries were
generally larger in size and more separated each
other. The cavity number density and mean radius
measured within the cavity-rich regions are summa-
rized in Table 1. The cavity number density aver-
aged over the entire specimen would be much
lower. The volumetric average swelling by cavities
is estimated to be <1% at 100 dpa and 1400 �C.

4. Discussion

4.1. Dislocation loop evolution

Defect clusters which have collapsed into disloca-
tion loops have been reported in cubic SiC neutron-
irradiated at temperatures higher than �600 �C
[26,41–44]. Many of the dislocation loops have been
identified or speculated to be a/3h11 1i Frank
faulted loops of interstitial type [33,42]. The result
of the present work is consistent with those reports
in that dislocation loops were observed at 800 �C
and defect clusters appearing as black spots were
observed at 300 �C.

In Fig. 7, the mean loop radius and the number
density from both the present work and the litera-
ture are plotted against irradiation temperature.
The numbers placed adjacent to the data points indi-
cate the fast neutron fluence (·1025 n/m2) for the case
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of neutron irradiation and the damage level in dpa
for the case of ion irradiation. As seen by the data
band in Fig. 7(A), the mean loop radius increases
with increasing irradiation temperature when com-
pared for the fluence of <�1 · 1026 n/m2. This trend
is inconsistent with the data compilation by Senor, in
which a negative temperature dependence of the
loop size is presented [44]. That happened probably
by ignoring the potential strong fluence effect on
the loop growth implied by the data points at high
fluences [43]. Furthermore, the neutron fluence
dependence of the loop microstructures has previ-
ously been based on the examination of materials
irradiated in several different reactors in which the
irradiation temperature control has not been reli-
able. The irradiation effects, including the disloca-
tion loop growth, at fluences beyond 1 · 1026 n/m2

in the lattice swelling temperature regime needs to
be further studied by experiments in which the irra-
diation temperature is well-maintained.

The other question about the dislocation loops is
their nature. Price reported that the small (2–5 nm
in diameter) loops developed by irradiation to 0.6–
0.9 · 1025 n/m2 at 625 �C and to 2.4 · 1025 n/m2 at
900 �C are presumably Frank loops [26]. Yano iden-
tified the larger (�15 nm) loops developed by irradi-
ation to 1.0 · 1027 n/m2 at �640 �C primarily as the
a/3h111i Frank loops of interstitial type [42]. In the
present work, Frank faulted loops with mean diam-
eters of 13–36 nm were observed in samples irradi-
ated by Si2+ ions to 30–100 dpa at 1400 �C.

On the other hand, the detailed Burgers vector
analysis and identification of nature of defect clus-
ters which are possibly dislocation loops were not
performed because of the small sizes in many previ-
ous studies [44–46]. In the present work, electron
diffraction patterns taken from the neutron irradi-
ated samples did not show any detectable streak,
indicating that the Frank faulted loops are not the
dominating defects. In the specimen irradiated to
7.7 · 1025 n/m2 at 800 �C, many of the relatively
large loops seen in the reflection vector of [200] dis-
appeared with the reflection vector of ½1 11� and vice
versa. These loops are apparently not Frank faulted
loops with a/3h111i Burgers vectors. Further visi-
bility analysis with different reflection vectors did
not explicitly determine the loop identity but indi-
cated that some of the loops have segments with
Burgers vectors parallel to h1 10i. These loops are
potentially be a/2h110i loops, as reported by
Stevens [47]. Therefore, it is concluded that at least
two different kinds of dislocation loops, namely a/
3h11 1i Frank faulted loops and the other type
which might be a/2h110i perfect loops, are
produced in cubic SiC under irradiation. It is likely
that the loops prefer the configuration of the Frank
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faulted loops due to the very small stacking fault
energy of �0.1 mJ/m2 in cubic SiC [48], while smal-
ler clusters tend to maintain the forms of other types
of three-dimensional or planar defects at low doses
and low temperatures. The reasons for the lack of
energetically preferred Frank loops at relatively
low temperatures presumably include the lack of
thermal-spike phase during the cascade process in
SiC as pointed out by Gao and Weber [49], high
migration energy (�1.5 eV) for Si interstitials
[50,51], and stoichiometric constraint for the forma-
tion of Frank loops.

From this work, it was also demonstrated that a
dislocation network is developed in cubic SiC
through the loop-loop and loop-network interac-
tions at 1400 �C. Carter et al., reported the evolution
of a/2h110i perfect dislocations, and a/3h111i
Frank and a/6h112i Shockley partial dislocations
in cubic SiC crept at 1400–1700 �C [52]. Therefore,
it is possible that the Frank faulted loops develop
into dislocation network consisting primarily of
a/2h110i dislocations through the production of
Shockley partials, as is common in fcc metals with
small stacking fault energy [53]. Also, the large
(50–100 nm in diameter) dislocation loops seen in
heavily ion-irradiated samples were often highly
irregular-shaped and not lying on single {111}
planes anymore. This suggests that the Frank loops
in cubic SiC tend to unfault themselves when exces-
sively grown in size due to the change of energy hier-
archy with cluster size. The interactions associated
with the unfaulted loops are additional potential
mechanisms for the dislocation network develop-
ment. Future work will involve the determination
of the nature of the network dislocations.

4.2. Cavity swelling

Formation of matrix voids has been reported by
Price under neutron irradiation to 4.3 · 1025 n/m2

at 1250 �C and at higher doses at higher tempera-
tures [26]. In that work, voids were not observed
after neutron irradiation to 1.24 · 1026 n/m2 at
1000 �C. Senor reported the lack of void production
after neutron irradiation to 0.9 · 1025 n/m2 at
1100 �C but the production of matrix voids after
subsequent annealing at 1500 �C for 1 h [44]. These
observations indicate that the temperature regime
for void swelling starts between 1100 and 1250 �C
for neutron fluences in the order of 1025 n/m2. The
annealing experiment by Senor showed the limited
mobility of vacancies at 1100 �C had prohibited the
production of visible (by TEM) voids [44]. On the
other hand, positron annihilation and electron para-
magnetic resonance studies [54,55] have shown that
the silicon vacancy in cubic SiC becomes mobile at
800–900 �C. Therefore, it is likely that the low tem-
perature end of the void swelling regime comes down
below 1100 �C as the neutron fluence increases.

In the self-ion irradiation experiment, voids in
both the matrix and at grain boundaries were pro-
duced after 10 dpa at 1400 �C, while only sparsely
distributed grain boundary voids were found in the
sample irradiated to the same fluence at 1000 �C. In
dual (and triple)-beam ion irradiation experiments,
in which the self-ions and helium ions (and protons)
are irradiated simultaneously, cavities were abun-
dantly produced both in the matrix and on the grain
boundaries after irradiation to 10 dpa at tempera-
tures of 1000 �C or higher [56,57]. These indicate that
the abundant production of the visible cavities have
occurred by 10 dpa through the migration of vacan-
cies at 1000 �C. A major difference between neutron
irradiation in nuclear reactors and ion irradiation is
the displacement damage rate. The damage rate for
neutron irradiation in this work was �5 · 10�7

dpa/s, while that for ion irradiation was �1 · 10�3

dpa/s. According to a theory of displacement dam-
age rate effect, temperature ranges for the irradia-
tion-induced phenomena which are controlled by
thermally activated processes shift toward lower tem-
peratures when damage rate increases [58]. Hence,
void swelling by neutron irradiation to high fluences
may occur at temperatures lower than 1000 �C. How-
ever, the swelling rate at such temperatures would be
quite low, because of the domination of point defect
annihilation through the in-matrix recombination.

4.3. Mapping microstructural evolution

Fig. 8 summarizes the evolution of irradiation-
produced microstructural features in cubic SiC
under neutron and self-ion irradiation. At low tem-
peratures and low fluences, the dominating feature
is the black spot defect, which may be small intersti-
tial clusters in various configurations. As the
temperature and/or fluence increase, the black spot
defects may become dislocation loops which are vis-
ible in TEM. Further increases in temperature and/
or fluence promotes the development of Frank
faulted loops. These transitions are probably due
to the dependence of the cluster stability in various
configurations on temperature and the size. Because
of the very small stacking fault energy for cubic SiC,
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Frank loops should be energetically the most pre-
ferred configuration for clusters with small sizes
[59]. Therefore, the gradual transition of tiny inter-
stitial clusters in irregular shapes, which might have
been formed in relation to displacement cascade,
into Frank loops could be expected. The Frank
loops unfault by themselves or by interacting with
dislocations during further growth, and eventually
develop into network dislocations.

It is interesting to note the similarity of SiC with
some of the fcc alloys in that the black spots and the
Frank loops dominate at <�0.5Ts,m (Ts,m: sublima-
tion or melting temperature) and the dislocation
network develops at >�0.5Ts,m. Significant void
formation occurs at temperatures substantially
higher than 1100 �C (�0.45Ts), again similar to
the behavior of fcc metals and alloys that develop
large void swelling at 0.45–0.5Tm.

The temperature–fluence regime for the large
loops and network dislocation development coin-
cides with that for void formation. One possible
cause of this overlap of microstructural regimes is
the void formation and growth due to the vacancy
supersaturation caused by a dislocation bias mecha-
nism, which is common in metallic systems [60].

4.4. Low temperature swelling

As introduced earlier, low temperature swelling
of crystalline SiC is the isotropic expansion that
occurs during irradiation at below �1000 �C. The
magnitude of low temperature swelling exhibits
monotonic and negative irradiation temperature
dependence and tends to saturate by a certain flu-
ence, depending on temperature, of typically a few
dpa [25]. The magnitude of linear swelling generally
coincides very well with the magnitude of average
lattice expansion as measured by the X-ray diffrac-
tometry (XRD) [61]. By annealing at temperatures
higher than the irradiation temperature, the low
temperature swelling recovers to approach to the
magnitude of the equilibrium swelling by irradiation
at the annealing temperature. During annealing, the
macroscopic swelling magnitude again corresponds
to the lattice expansion measured by XRD very well
[61]. The lattice expansion and recovery behaviors
are similar in cubic and hexagonal SiC, except that
hexagonal SiC exhibits slightly anisotropic recovery
[62].

A kinetic modeling of the low temperature swell-
ing was first attempted by Balarin [63]. In that work,
isolated point defects were assumed to be the source
of the swelling. Even when a variety of formation
and activation energies for point defects in different
configurations [64,65], the model does not explain
the nearly-linear temperature dependences of the
swelling and the annealing behaviors.

Later, Huang and Ghoniem [66] and Ryazanov
et al. [67], proposed models based on an assumption
that Frank interstitial loops were responsible for the
swelling. In order to account for the temperature
dependence of swelling, the former relies on the
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proposed exchange mechanism of C and Si intersti-
tials in relation to the stoichiometry constraint for
the Frank loops and their cascade resolution [66].
The latter proposed a model involving the growth
of Frank interstitial loops by charge interactions
[67]. Both models succeeded in accounting for some
aspects of the experimentally observed low temper-
ature swelling behavior. However, the total loop
volume estimated from the experimental observa-
tion is usually low by one order of magnitude
compared to the macroscopic volume change. For
example, the visible loop volume in the specimen
neutron-irradiated at 800 �C to 4.5 · 1025 n/m2 is
estimated to be 0.04%, whereas the measured swell-
ing of the identical sample was �0.9% [10]. Also,
excess volumes for vacancies in cubic SiC are very
small [32]. Therefore, the contribution of the visible
interstitial loops and the corresponding amount of
vacancies to the observed swelling should not be
very significant.

The contribution by the interstitial clusters which
are not sufficiently visible in TEM to the low tem-
perature swelling of SiC is a strong possibility, by
eliminating vacancies and Frank loops as discussed
above. According to the molecular dynamics simu-
lation by Li et al., using the Tersoff potential, excess
volume for the Si interstitial can be tremendously
large, reaching 3–4 times the atomic volume (X)
[32]. Also, the excess volume for the C interstitial
can be as large as �1.5 X. The relaxation volumes
per defect for the small clusters should decrease as
the cluster size increases, starting from the excess
volume for the isolated interstitials. The higher
number density of the smaller interstitial clusters
should result in larger lattice expansion, thus the
monotonic temperature dependence of swelling
could be explained. Yano reports the recovery
of the lattice expansion is reached at 480–650 �C
for the very high (>�3 · 1026 n/m2) neutron fluence,
and that it is accompanied by the microstruc-
tural transition from black spot defects to well-
developed Frank loops [41]. This observation
supports the hypothesis that small interstitial clus-
ters including the visible black spot defects are
primarily responsible for the lattice expansion at
low temperatures.

5. Conclusions

Microstructures of polycrystalline beta-SiC irra-
diated by neutrons and self-ions were examined by
TEM.
At relatively low temperatures (<� 800 �C)
where substantial low temperature swelling and
thermal conductivity degradation occur, irradia-
tion-produced defect features visible in TEM were
small dislocation loops and black spot defects. The
majority of the small dislocation loops did not
appear to be faulted. The loops and black spot
defects coarsened as the irradiation temperature
increased, although the temperature dependence of
defect size and density was mild. The neutron and
ion irradiation produced similar microstructures in
spite of the large difference in damage rate between
them. It was presumed that the primary contribu-
tors to the low temperature swelling are the small
interstitial clusters and the contributions from the
dislocation loops and isolated point defects are
rather minor.

Substantial information and insights were pro-
vided by the ion irradiation experiment with regard
to the microstructural development at higher
(>�1000 �C) temperatures. It was demonstrated
that the initially produced black spot defects and
tiny dislocation loops collapsed into Frank faulted
loops at intermediate fluences and finally developed
into a dislocation network at very high fluences. The
dislocation loops appeared significantly coarser as
either the irradiation temperature or fluence
increased. Evolution of the dislocation microstruc-
tures appeared similar to that in some fcc metals
and alloys. Cavities were formed only on (sub-)
grain boundaries and stacking faults at >1000 �C.
At 1400 �C, all the pre-existing stacking faults were
heavily decorated with the high density cavities after
irradiation to >30 dpa. However, the swelling by
cavities was still small. It should be noted that the
understanding of neutron-ion correlation is severely
lacking in the high temperature regime. Substantial
dose rate effect is anticipated at high temperatures,
where the strong temperature dependence of micro-
structural evolution was observed.
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