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In order to investigate the formation kinetics of interstitial loops in b-SiC during irradiation, a capture
efficiency of a charged point defect to a charged sink was derived taking into account electric interaction
between the defects. The derived capture efficiency depends much on effective charges of defects. For
defect accumulation in b-SiC under high-energy electron irradiation, the numerical analysis using the
rate theory based model with the capture efficiency was performed, and the calculation results indicate
that an interstitial loop grows while keeping its charge to be as neutral as possible, leading to the sup-
pression of the growth of interstitial loops. Roughly speaking, the calculated concentration of clustered
interstitials with effective charges approaches to the experimental data. It implies that the capture effi-
ciency derived in the present work may play an important role for better reproducing of the experimental
result.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

SiC/SiC composite is a candidate for blanket structural materials
of nuclear fusion reactor because of good mechanical strength and
low activation properties [1]. Point defects and defect clusters such
as interstitial loops and voids are produced and accumulated in a
material under irradiation, which changes the material microstruc-
ture, leading to the degradation of material properties such as
mechanical properties, thermal properties and dimensional stabil-
ities. Irradiation effects on SiC materials have been widely studied
by a variety of experiments and numerical analysis [2–6]. How-
ever, the defect accumulation process including the formation
mechanism of defect clusters in SiC is not well understood yet. This
is because SiC materials have an ionic nature in addition to a cova-
lent one. It indicates that point defects and defect clusters can have
effective electric charges which will influence the diffusion and
growth of defects. Ryazanov et al. [7] proposed a model for forma-
tion of interstitial loops in b-SiC under irradiation, considering
charge state of defects, where an interstitial loop grows and main-
tains its charge to be neutral, in other words, an interstitial loop
grows under the condition of stoichiometric constraint. Interstitial
loops treaded in the model are relatively large loops as so-called
‘perfect loops’.

In the present work, an applied model for formation of intersti-
tial loops is developed in order to investigate the formation kinet-
ics of interstitial loops in b-SiC. Notice that interstitial loops treated
here are relatively small interstitial clusters as so-called ‘black spot
ll rights reserved.
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defects’, and such small interstitial clusters in b-SiC are observed in
variety of experiments using the high voltage electron microscopy
(HVEM), ion-accelerators and nuclear fission reactors [5,8]. At the
first, the capture efficiency of a charged point defect to a charged
sink was derived taking into account electric interaction between
the defects. And then, numerical analyses were conducted, where
the defect accumulation in b-SiC during high-energy electron irra-
diation was calculated using the kinetic rate theory based model
with the derived capture efficiency. Finally, the calculation results
were compared with that of an HVEM observation experiment.
2. Procedure

2.1. Derivation of the capture efficiency of a charged point defect to a
charged sink

As represented in Fig. 1, consider a charged point defect i
migrating in the electric field which is created by a charged spher-
ical sink j, where the sink is also a point defect or a defect cluster.
The migrating defect i will diffuse depending on the electrical po-
tential gradient in addition to the defect concentration gradient;
and then, the diffusion flux of the defect i can be expressed as [9]

j ¼ 1
X
�DirCi �

eqiDiCi

kBT
rV

� �
; ð1Þ

where V is the electrical potential in eV at the location of the defect
i, e is the elementary electric charge, qi is the effective electric
charge of the defect i in dimensionless unit, Di and Ci are the diffu-
sion coefficient and concentration of defect i in the matrix, respec-
tively, X is atomic volume of the defect i, kB is the Boltzmann
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Fig. 2. Calculated capture efficiency Zij as a function of x = e2qiqj/(4pe0RjkBT). It
shows a monotonic decreasing function of x, where Zij > 1 at x < 0 (qiqj < 0), Zij = 1 at
x = 0 (qiqj = 0) and Zij < 1 at x > 0 (qiqj > 0).
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charged spherical sink with qj

Fig. 1. Schematic representation of the diffusion of a charged point defect around a
charged spherical sink.
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constant and T is the temperature. For simplicity, it is assumed here
that the diffusion flux of Eq. (1) is isotropic around the sink j. When
the radial component of the electrical field at r shown as V = �eqj/
(4pe0r) is applied, the total current of the defect i to the sink j is
written by

Ji ¼
1
X

4pRjZij DiCi � DiC
eq
i exp

e2qiqj

4pe0Rj

1
kBT

 !" #
; ð2Þ

Zij ¼

e2qi qj
4pe0Rj

1
kBT

exp
e2qiqj
4pe0Rj

1
kBT

� �
�1

h i . . . ðqiqj–0Þ

1 . . . ðqiqj ¼ 0Þ

8>><
>>: ; ð3Þ

where, Rj and qj are the radius and an effective charge of the sink j,
respectively, Ci is the concentration of defect i in the matrix, Ceq

i is
the concentration of the defect i around the sink j. Zij is the capture
efficiency of the defect i to the sink j.

2.2. Rate theory model of defect accumulation

Numerical analysis for simulating defect accumulation process
in b-SiC irradiated with a high-energy electron beam at 973 K
was performed with the following assumptions:

(a) Frenkel pairs (silicon interstitials, silicon vacancies, carbon
interstitials and carbon vacancies) are homogeneously pro-
duced in b-SiC by atomic displacements under high-energy
electron irradiation. The production rates assumed to be
5.31 � 10�4 dpa/s for silicon Frenkel pairs and 6.48 �
10�4 dpa/s for carbon Frenkel pairs, which are approximated
from the condition in the HVEM experiment [8].

(b) Migration energies of vacancies are so high [10] that vacan-
cies can not freely migrate at this temperature.

(c) Interstitials can freely migrate with the migration energies
of 1.53 eV [10] for silicon interstitials and 0.74 eV [10] for
carbon interstitials.

(d) The surface of specimen is a permanent sink to defects, and
the sink strength is evaluated from the specimen thickness.
It is estimated to be 100 nm which is the same value as that
in the HVEM experiment [8].

(e) Same type defects mutually annihilate: ISi + VSi ? 0,
IC + VC ? 0. (ISi for silicon interstitials, VSi for silicon vacan-
cies, IC for carbon interstitials and VC for carbon vacancies).

(f) Antisite defects (SiC for silicon atom located at carbon lattice
site and CSi for carbon atom located at silicon lattice site) are
produced by the interactions between silicon interstitial and
carbon vacancy, and between carbon interstitial and silicon
vacancy, respectively: ISi + VC ? SiC, IC + VSi ? CSi. It is
assumed that antisite defects can not be thermally dissoci-
ated at this temperature due to the relatively high biding
energies of 1.0�8.5 eV [10,11].
(g) Two interstitials form a di-interstitial: ISi + ISi ? ISi
2 ,

IC + IC ? IC
2, ISi + IC ? ISiIC. A di-interstitial is assumed to be

thermally stable at this temperature, and is regarded as the
nucleus of an interstitial loop. A di-interstitial grows into a
larger interstitial loop by absorbing interstitials. For simplic-
ity, the size distribution of interstitial loops is not considered.
It is assumed that an interstitial loop has the effective charge
that is the sum of the effective charges of interstitials in the
loop.

(h) A point defect in b-SiC can have a wide range of charge state
[12], and the exact value is not understand, yet. Therefore,
the effective charge of a point defect is here treated as an
adjustable parameter with the absolute value ranging from
0.0 to 2.0. For simplicity, it is assumed that silicon interstitial
and carbon vacancy have the same value of effective charge
in positive, while a carbon interstitial and a silicon vacancy
have the same value of effective charge in minus.

Simultaneous rate equations derived from the above assump-
tion (a)–(h) were solved using the backward differentiation for-
mula method [13].
3. Results and discussion

In Fig. 2, the calculated capture efficiency Zij is plotted as a func-
tion of x = e2qiqj/(4pe0RjkBT). It shows a monotonic decreasing
function of x. When qi and qj are opposite in sign to each other, x
takes negative and Zij is greater than 1, showing that a charged
point defect i is strongly attractive with a charged sink j. In con-
trast, when qi and qj are the same in sign as each other, Zij is less
than 1, indicating a strong repulsive interaction between the
charged defects. When qi = 0 or qj = 0, x takes 0 and Zij is 1, where
the defect i diffuses depending on only the defect concentration
gradient.

As to numerical analysis by the rate theory based model for de-
fect accumulation in b-SiC irradiated with a high-energy electron
beam at 973 K, Fig. 3 shows the time dependence of concentration
of interstitial loops, CL, under the following three cases for effective
charge of point defects: (I) qI

Si = qV
C = qI

C = qV
Si = 0.0 (no effective

charge), (II) qI
Si = qV

C = +0.5, qI
C = qV

Si = �0.5 and (III) qI
Si = qV

C = +2.0,
qI

C = qV
Si = �2.0. CL increase dramatically with increasing irradiation

time, and saturates after about 102 s. Although the saturated CL does
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Fig. 3. Time dependence of concentration of interstitial loops, CL, under the
following three cases for effective charge of point defects: (I) qI
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Si = 0.0 (no effective charge), (II) qI
Si = qV

C = +0.5, qI
C = qV

Si = �0.5 and (III)
qI

Si = qV
C = +2.0, qI

C = qV
Si = �2.0.
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Fig. 5. Time dependence of the fraction of the numbers of silicon interstitials and
carbon interstitial in an interstitial loop, NSi

I =NC
I , under the following three cases for

effective charge of point defects: (I) qI
Si = qV

C = qI
C = qV

Si = 0.0 (no effective charge),
(II) qI

Si = qV
C = +0.5, qI

C = qV
Si = �0.5 and (III) qI

Si = qV
C = +2.0, qI

C = qV
Si = �2.0.
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not depend much on effective charges, the nucleation of interstitial
loops in the cases of (II) and (III) causes in much earlier time than
those in the case of (I). This is because the production of di-intersti-
tial as the nucleus of an interstitial loop is enhanced, where the most
of produced di-interstitial is ISiIC which is mainly formed by the elec-
tric attractive interaction between ISi and IC. Fig. 4 represents the
time dependence of concentration of clustered interstitials, CLI,
which is defined by the total number of interstitials in all loops. No-
tice that the fraction, CLI/CI, means the average number of intersti-
tials in a single interstitial loop. As shown in the figure, CLI greatly
depends on effective charge and decrease with increasing the mag-
nitude of charges, leading to that the average loop size (CLI/CI) be-
comes smaller. This is because an interstitial loop grows while
keeping its charge to be as neutral as possible, resulting in the sup-
pression of the growth of interstitial loop. In fact, as shown in Fig. 5,
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Fig. 4. Time dependence of concentration of clustered interstitials in all loops, CLI,
under the following three cases for effective charge of point defects: (I)
qI

Si = qV
C = qI

C = qV
Si = 0.0 (no effective charge), (II) qI

Si = qV
C = +0.5, qI

C = qV
Si = �0.5

and (III) qI
Si = qV

C = +2.0, qI
C = qV

Si = �2.0.
the fraction of the numbers of silicon interstitials and carbon inter-
stitial in an interstitial loop, NSi

I =NC
I , is always about 1 when defects

have effective charges. It indicates that the stoichiometric constraint
drastically retards the growth of interstitial loops.

Also Figs. 3 and 4 show the experimental data from the HVEM
observation [8], in which the number and size of larger interstitial
loops than those with about 1 nm in diameter are measured be-
cause of the resolution limit of the microscopy. Therefore, the
absolute value of the experimental data is quantitatively different
from the calculation data; nevertheless, roughly speaking, the cal-
culated concentration of clustered interstitials with effective
charges approaches to the experimental data. It implies that the
capture efficiency derived in the present work may play an impor-
tant role for better reproducing of the experimental result.
4. Summary

In order to investigate the formation kinetics of interstitial
loops in b-SiC during irradiation, a capture efficiency of a charged
point defect to a charged sink was derived taking into account elec-
tric interaction between the defects. The derived capture efficiency
depends much on effective charges of defects. For defect accumu-
lation in b-SiC under high-energy electron irradiation, the numer-
ical analysis using the rate theory based model with the capture
efficiency was performed, and the calculation results indicate that
an interstitial loop grows while keeping its charge to be as neutral
as possible, leading to the suppression of the growth of interstitial
loops. Roughly speaking, the calculated concentration of clustered
interstitials with effective charges approaches to the experimental
data. It implies that the capture efficiency derived in the present
work may play an important role for better reproducing of the
experimental result.
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