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Abstract

A simple phenomenological model for the saturation swelling below 1000°C of neutron-irradiated silicon carbide (SIC) is
presented in this paper. Under fast neutron irradiation, SiC is known to undergo volumetric expansion (swelling) which
quickly saturates at a fast fluence of approximately 10%° n/m? for irradiation temperatures below 1000°C. A previous model
due to Balarin attributes swelling to lattice dilation as a result of single point defects. We show in this paper that the
experimentally observed linear temperature dependence of saturation swelling can be explained in terms of the formation
and growth of small interstitial clusters, resulting directly from collision cascades initiated by energetic neutrons. These
loops grow by absorption of mobile carbon interstitials and their composition is subject to stoichiometry constraints,
requiring absorption of slower silicon intertitials. Because of cascade re-solution events, the density of loops decreases
sharply with temperature as a result of overlap of cascades with larger size loops at higher temperatures. The average radius
of these loops increases with temperature. Volumetric swelling is shown to obey a linear temperature dependence as a
consequence of the strong decrease in density and the simultaneous increase in average radius, and to saturate with fluence.
The model is shown to be consistent with experimental observations. In the temperature range below 500-600°C, swelling
seems to be dominated by single point defects, or defect clusters containing only a few atoms, in accordance with the
explanation offered by Balarin. © 1997 Elsevier Science B.V.

1. Introduction

The dimensional stability of neutron-irradiated silicon
carbide (SiIC) is akey issue in its utilization in any nuclear
environment. Several applications of SIC in the nuclear
industry have prompted investigation of its dimensional
stability, as far back as the early 1950s [1]. Other applica-
tions for SIC include its utilization in high temperature
monitors in nuclear reactors [2—4] and as a coating mate-
rial for high temperature gas-cooled reactor (HTGR) fuel
elements [5-12]. Recent interest in SiC has been motivated
by its possible utilization as a structural material in fusion
energy system [13,14]. Because of its low activation char-
acterigtics, its dimensional stability under neutron irradia-
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tion becomes even more important as a structural material
in fusion energy systems. More recent investigations on
the effects of neutron irradiation are given in Refs, [15—24]
[25-29] and the experimental swelling data are well pre-
sented by Price and co-workers [7,9,30] and by Blackstone
and Voice [8].

The main objective of the present work is to critically
examine available experimental data on neutron induced
swelling and to present a phenomenological model which
is consistent with this data. The possibility of this re-ex-
amination is a result of a number of considerations, as
listed below.

(1) New experimental data on the swelling behavior of
neutron irradiated SIC have become more available be-
cause of the interest in applications of SiIC/SiC compos-
ites in fusion energy systems.

(2) The Balarin model [31] does not lend itself to an
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explanation of the linear temperature dependence of volu-
metric swelling below 1000°C. We emphasize in this paper
the contribution to swelling from point defect clusters, as
contrasted to single point defects in the Balarin model.

(3) Our recent work on molecular dynamics (MD)
simulations for the energetics of point defects in B-SIC
crystals [32,33] can now provide critical information on the
migration and formation energies of point defects. Thus,
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deeper physical insight can be gained in considering the
behavior of atomic defectsin B-SiC.

Experimental investigations of the swelling behavior of
SiC have mainly considered two polytypes: 6H and 3C (or
B type). At temperatures below 1000°C, it has been found
that the two polytypes undergo volumetric expansion in a
similar fashion, when irradiated by neutrons. The dilatation
in volume is found to be isotropic in both cases. The

Table 1
Temperature Swelling Sample Fluence Facility Ref.
°C) (%) (spectrum)

(lattice (n/cm?)

expansion)
(1) Saturation swelling data base for stoichiometric SIC
120 (1.03, 1.03) a-SiC 7.2e24 (unspecified) RFT Pravdyuk, 1962 [2]
180 (0.73,0.73) a-SiC 7.2e24 (unspecified) RFT Pravdyuk, 1962 [2]
370 0.44 (0.50) RB-B-SiC 1.5e26 (E > 0.1 MeV) JOY O, Phenix, Rapsodie Miyazaki, 1992 [17]
420 (0.58, 0.58) «-SiC 7.2e24 (unspecified) RFT Pravdyuk, 1962 [2]
425 (0.52, 0.52) «-SiC 1.3e25 (E > 0.18 MeV) WR-1 Stevens, 1972 [11]
460 0.36 (0.34) Py-B-SiC 2.7€25 (E > 0.18 MeV) unspecified Price, 1977 [30]
460 0.36 (0.34) Py-B-SiC 2.7€25 (E > 0.18 MeV) ETR Price, 1969 [7]
470 0.45 (0.46) RB-B-SiIC 3.0e24 (E > 0.1 MeV) JOY O, Phenix, Rapsodie Miyazaki, 1992 [17]
480 0.28 RB-B-SiIC 1.7e27 (E > 0.1 MeV) JOY O, Phenix, Rapsodie Miyazaki, 1992 [17]
525 0.50 HP-a-SiC 4.8¢25 (E > 0.18 MeV) ETR Price, 1972[5]
460610 0.27 (0.12) Py-B-SiC 9.7e25 (E > 0.18 MeV) unspecified Price, 1977 [30]
550 0.35 B-SiC 2.6-3.4e24 (fast) PLUTO Palentine, 1976 [4]
620 0.23(0.11) RB-B-SiC 4.8e26 (E > 0.1 MeV) JOY O, Phenix, Rapsodie Miyazaki, 1992 [17]
620 0.23(0.19) Py-B-SiC 2.7€25 (E > 0.18 MeV) ETR Price, 1969 [7]
630 0.24 (0.20) Py-B-SiC 2.8¢25 (E > 0.18 MeV) ETR Price, 1969 [7]
650 0.29 B-SiC 3.6-4.1e24 (fast) PLUTO Palentine, 1976 [4]
700 0.30(0.33) Py-B-SiC 3.8¢25 (E > 0.18 MeV) ETR Price, 1969 [7]
750 0.22 B-SiC 3.6-4.1e24 (fast) PLUTO Palentine, 1976 [4]
772 0.30 HP-a-SiC 4.8¢25 (E > 0.18 MeV) ETR Price, 1972[5]
950—1040 0.14 (0.03) Py-B-SiC 12.2e25 (E > 0.18 MeV)  unspecified Price, 1977 [30]
980 0.07 (0.07) Py-B-SiC 4.2e25 (E> 0.18 MeV) ETR Price, 1969 [7]
1010 0.03 (0.05) Py-B-SiC 2.0e25 (E > 0.18 MeV) ETR Price, 1969 [7]
1010 0.06 (0.05) Py-B-SiC 2.7€25 (E > 0.18 MeV) ETR Price, 1969 [7]
1020 0.08 (0.03) Py-B-SiC 2.8e25 (E > 0.18 MeV) ETR Price, 1969 [7]
1040 0.06 (0.10) Py-B-SiC 3.8e25 (E > 0.18 MeV) ETR Price, 1969 [7]
1040 0.10 (0.10) Py-B-SiC 3.8e25 (E > 0.18 MeV) unspecified Price, 1977 [30]
(2) Non-saturated or non-stoichiometric swelling data of SIC
30 1.24 «-SiC 3.0e24 (unspecified) MTR and EBR Primak, 1956 [1]
120 0.90 a-SiC saturation unspecified Balarin, 1965 [31]
140 0.40 B + RB-SIC 3.6e24 (E > 1 MeV) HFBR Corelli, 1982 [19]
140 2.40 B + RB-SIC 7.6e24 (E > 1 MeV) HFBR Corelli, 1982 [19]
140 0.28 B! + RB-SIC 3.6e24 (E > 1 MeV) HFBR Corelli, 1982 [19]
140 0.40 B™ + RB-SIC 7.6e24 (E > 1 MeV) HFBR Corelli, 1982 [19]
140 0.10 B+ RB-SIC  3.6e24 (E> 1 MeV) HFBR Corelli, 1982 [19]
140 0.47 B+ RB-SIC  7.6e24 (E > 1 MeV) HFBR Corelli, 1982 [19]
140 0.47 B + o-SIC  3.6e24 (E> 1 MeV) HFBR Corelli, 1982 [19]
140 0.63 B +«-SIC  7.6e24 (E > 1 MeV) HFBR Corelli, 1982 [19]
140 0.53 B! + a-SIC  3.6e24 (E> 1 MeV) HFBR Corelli, 1982 [19]
140 0350 B™ +«-SIC  7.6e24 (E > 1 MeV) HFBR Corelli, 1982 [19]
140 0.63 B+ a-SiC 3.6e24 (E > 1 MeV) HFBR Corelli, 1982 [19]
140 0.34 B + a-SiC 7.6e24 (E > 1 MeV) HFBR Corelli, 1982 [19]
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Temperature Swelling Sample Fluence Facility Ref.
0 (%) (spectrum)

(attice (n/cm?)

expansion)
200 0.83 a-SiC saturation unspecified Balarin, 1965 [34]
250 0.80 (0.70) SB-B-SiC 4.7e24 (fast) DMTR Thorne, 1967 [6]
250 0.76 (0.76) SB-B-SiC 5.5e24 (fast) DMTR Thorne, 1967 [6]
250 0.82(0.72) SB-B-SiC 1.1e25 (fast) DMTR Thorne, 1967 [6]
250 0.69 (0.67) SB-B-SiC 1.4e25 (fast) DMTR Thorne, 1967 [6]
250 0.68 (0.65) SB-B-SiIC 1.7e25 (fast) DMTR Thorne, 1967 [6]
270 0.84(0.73, 0.77) a-SiC 2.5e25 (unspecified) MTR and EBR Primak, 1956 [1]
270 0.88(0.89, 1.09) a-SIC 1.1€25 (unspecified) MTR and EBR Primak, 1956 [1]
300 0.74 a-SiC saturation unspecified Balarin, 1965 [31]
400 0.64 a-SiC saturation unspecified Balarin, 1965 [31]
450 (0.11, 0.27) a-SiC 3.2e24 (E > 1 MeV) unspecified Mathews, 1974 [12]
450 (0.29, 0.39) a-SiIC 6.0e24 (E > 1 MeV) unspecified Mathews, 1974 [12]
450 (0.39, 0.38) a-SiC 1.0e25 (E> 1 MeV) unspecified Mathews, 1974 [12]
450 (0.29, 0.35) a-SiC 3.0e25 (E > 1 MeV) unspecified Mathews, 1974 [12]
450 0.48 B-SIC 3.6-4.1e24 (fast) PLUTO Palentine, 1976 [12]
475 0.43(0.45) SB-B-SiC 4.5e24 (fast) DMTR Thorne, 1967 [6]
475 0.43(0.45) SB-B-SiIC 5.0e24 (fast) DMTR Thorne, 1967 [6]
475 0.40 (0.42) SB-B-SiC 1.0e25 (fast) DMTR Thorne, 1967 [6]
475 0.47 (0.48) SB-B-SiIC 1.0e25 (fast) DMTR Thorne, 1967 [6]
475 0.42(0.42) SB-B-SiC 1.8e25 (fast) DMTR Thorne, 1967 [6]
480 0.31 Py-B-SiC 4.8e24 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971[8]
480 0.30 SB-B-SiC 4.8e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971[8]
510 0.55 a-SiC saturation unspecified Balarin, 1965 [31]
560 0.32 SB-B-SiC 3.0e24 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
600 0.36 Py-B-SiIC 5.0e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
600 0.48 a-SiC saturation unspecified Balarin, 1965 [31]
600 0.38 SB-B-SiC 2.2e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
600 0.35 SB-B-SiC 2.7¢25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
600 0.28 S +SiC 4.3e24 (E> 1 MeV) JMTR Suzuki, 1990 [27]
600 0.35 B+ C+SC 4.3e24 (E> 1 MeV) JMTR Suzuki, 1990 [27]
600 0.39 BeO + SiIC 4.3e24 (E> 1 MeV) JMTR Suzuki, 1990 [27]
625 0.19 Py-B-SiC 6.0e24 (E > 0.18 MeV) ETR Price, 1973[9]
625 0.19 Py-B-SiIC 9.0e24 (E > 0.18 MeV) ETR Price, 1973[9]
640 0.22 S +SiC 6.0e24 (E > 1 MeV) JMTR Suzuki, 1990 [27]
640 0.32 B+C+SC 6.0e24 (E > 1 MeV) JMTR Suzuki, 1990 [27]
640 0.31 BeO + SIC 6.0e24 (E > 1 MeV) JMTR Suzuki, 1990 [27]
650 (0.24, 0.36) a-siC 3.2e24 (E> 1 MeV) unspecified Mathews, 1974 [12]
650 (0.39, 0.49) a-siC 6.0e24 (E > 1 MeV) unspecified Mathews, 1974 [12]
650 (0.32, 0.36) a-sC 3.0e25 (E > 1 MeV) unspecified Mathews, 1974 [12]

swelling of SIC under neutron irradiation increases with
the irradiation dose, and reaches saturation levels at a fast
neutron fluence of approximately 10%° n/cm? at tempera-
tures below 1000°C. At temperatures above approximately
1000°C, neutron induced volumetric swelling does not
saturate with fluence. In addition, the temperature depen-
dence of swelling is not linear above 1000°C. The swelling
mechanisms are therefore of different origins for tempera-
tures below and above 1000°C. We will confine our atten-
tion here to the mechanism of swelling below 1000°C.

Because of the poor understanding of basic point defect
energetics in SIC, comprehensive modeling of neutron
irradiation induced swelling has been lacking. With recent
MD investigations of the nature and energetics of point
defects in SIC [32,33], it is now possible to shed some
light on radiation induced swelling mechanism in SiC.
Available irradiation swelling data is discussed in Section
2, with the intent of critically assessing valid data for our
model. In Section 3, we discuss the previous model of
Baarin and develop a new phenomenological description
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Temperature Swelling Sample Fluence Facility Ref.
0 (%) (spectrum)

(Iattice (n/cm?)

expansion)
700 0.32(0.27) SB-B-SiC 3.5e24 (fast) DMTR Thorne, 1967 [6]
700 0.29 (0.24) SB-B-SiC 6.5e24 (fast) DMTR Thorne, 1967 [6]
700 0.28 (0.31) SB-B-SiC 6.5e24 (fast) DMTR Thorne, 1967 [6]
700 0.32(0.33) SB-B-SiC 8.0e24 (fast) DMTR Thorne, 1967 [6]
700 0.37 (0.31) SB-B-SiC 1.8e25 (fast) DMTR Thorne, 1967 [6]
700 0.33(0.33) SB-B-SiIC 1.8e25 (fast) DMTR Thorne, 1967 [6]
800 0.15 Py-B-SiC 5.4€25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
900 0.19 SB-B-SiIC 3.0e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
900 0.14 SB-B-SiC 3.1e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
900 0.20 SB-B-SiIC 4.5e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
900 0.19 SB-B-SiC 4.6e25 (E> 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
900 0.15 SB-B-SiIC 2.0e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
900 0.14 SB-B-SiC 2.1e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
900 0.11 SB-B-SiIC 8.5e24 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
900 0.10 SB-B-SiC 8.6e24 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
900 0.105 SB-B-SiIC 5.0e24 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
900 0.095 SB-B-SiIC 4.8e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
900 0.03 SB-B-SiC 1.4e25 (E > 0.18 MeV) ETR Price, 1973[9]
900 0.03 SB-B-SiIC 2.4e25 (E > 0.18 MeV) ETR Price, 1973 [9]
1000 0.14 Py-B-SiC 12.4e25 (E > 0.18 MeV) ETR Price, 1973[9]
1050 0.06 Py-B-SiC 3.8e25 (E > 0.18 MeV) ETR Price, 1973 [9]
1200 0.04 SB-B-SiIC 3.5e24 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
1200 0.06 SB-B-SiIC 5.0e24 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
1200 0.05 SB-B-SiC 6.0e24 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
1200 0.10 SB-B-SiIC 6.5e24 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
1200 0.10 Py-B-SiC 9.5e24 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
1200 0.19 SB-B-SiIC 1.4€25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
1200 0.21 SB-B-SiIC 1.6e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
1200 0.25 SB-B-SiIC 2.1e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
1200 0.24 Py-B-SiC 2.2e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
1200 0.29 SB-B-SiIC 2.5e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
1200 0.28 SB-B-SiIC 2.9e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
1200 0.35 SB-B-SiC 3.3e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
1200 0.38 Py-B-SiC 3.6e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
1200 0.39 SB-B-SiC 4.2e25 (E > 0.18 MeV) HFR and HFIR Blackstone, 1971 [8]
1250 0.27 Py-B-SiC 4.3e25 (E > 0.18 MeV) ETR Price, 1973 [9]
1275 0.43 Py-B-Sic 7.4e25 (E > 0.18 MeV) ETR Price, 1973[9]
1500 0.30 Py-B-SiC 5.2e25 (E > 0.18 MeV) ETR Price, 1973 [9]
1500 0.37 Py-B-Sic 8.8e25 (E > 0.18 MeV) ETR Price, 1973[9]

of irradiation swelling in B-SiC. Discussions and conclu-
sions are finaly given in Section 4.

2. Experimental swelling data: An assessment

Experimental investigations on the swelling of SiC
irradiated by energetic neutrons spanned several decades.
On a number of occasions, available data has been re-
viewed [7-9,30]. Since more swelling data has become
available, it is now desirable to summarize it. Our intent is
to assess the applicability of the proposed model to the
existing data base. In Table 1, we list available data for

neutron induced swelling of SIC and the specia experi-
mental conditions for each data point. The data is grouped
into two categories: (1) data for stoichiometric, pure SiC
with saturation fluence and (2) data for doped SiC,
crusilites, or any SiC irradiated with low neutron fluence.

The neutron spectrum in Ref. [1] was not specified with
afluence of 3 X 10%* n/cm?. It is possible that saturation
had not been reached in this experiment. This data is
therefore placed in Table 1(2). Reaction bonded SiC was
used in Ref. [12] with a large percentage of free silicon
which was present at grain boundary. The swelling in these
samples was found to be dominated by this phase initialy
which gives rise to initial contraction, followed by nearly
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isotropic expansion. Since it is not clear how much the free
silicon contributes to the total swelling, this set of data is
also classified in Table 1(2). Due to the same reason, data
from Ref. [27] is |eft in Table 1(2). Swelling data in Ref.
[19] is not used in Table 1(1) because of boron impurity
atoms which has alarge (n, «) reaction cross-section. The
a-particles (helium atoms) stabilize vacancy clusters and
can have a dramatic impact on over al swelling behavior.
The experimental data quoted by Balarin is excluded in
Table 1(1) because of low neutron fluence in the experi-
ment. In Ref. [11], swelling data for several values of the
neutron fluence are given. We include only the data with
highest neutron fluence in Table 1(1) for saturation
swelling. In Refs. [6,8], crusilites are used. They are very
low density SiC and most likely have free silicon atoms at
grain boundaries. These data are therefore excluded from
Table 1(1) as well. Although the spectrum in Ref. [2] was
not specified, the data is considered to correspond to
saturation swelling because of the higher fluence and is
therefore included in Table 1(1). The macroscopic linear
swelling and lattice expansion results are listed in the same
column, with parentheses indicating lattice expansion. For
lattice expansion of 6H SiC, values along basal and verti-
cal directions are also gioven.

3. Phenomenological model

The phenomenological model described in this section
is based on a number of assumptions which will be
outlined here. However, we wish to give a brief summary
of a previous model for swelling in SIC proposed by
Bdarin [31]. In the Balarin model, the rate of change of
Frenkel pair concentration (N) is assumed to be propor-
tiona to the neutron flux (@) and the yield of Frenkel
pairs per neutron (A). The time evolution equation, as
given by Baarin, is therefore

dN
<0 = D1 2aN), (1)

where « is the recombination volume per defect. The

Table 2

Physical parameters used in the model

Parameter Numerical value Unit Ref.

I 1110 eV /nm® [35]

v 0.17 none [36]

& 0.3 none estimated
Ve 1.56%x 10~ 2 eV /nm? [37]

Ef 35 ev [33]

E™ 13 eVv [33]

E 2.8 eVv estimated
K, 1.0x 1078 nm~2 estimated
P, 1.0x10° ev [38]

a 25 none estimated

At
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Fig. 1. Comparison of experimental linear swelling data (solid
circles) and lattice expansion (open circles) with our model pre-
dictions (solid line).

parameters « and A are actualy fitted to macroscopic
experimental swelling data available at the time, in the
range of 200—500°C. For saturation fluence, Balarin devel-
oped an empirical fit to the parameter « by noting that the
saturation swelling of Frenkel pairs is given by

1
Nleow = . )
Balarin's fit produced the following vaue for o (and
hence N|;_ )
din «a din N, Cdom1
p” ™ 12X107°°C™". ©)

The experimental temperature dependence of swelling
is clear from the above equation, if the volume per defect
is not sensitive to temperature. However, in the small
range of temperatures investigated by Balarin, the above
equation produces a near-linear dependence on tempera-
ture for the macroscopic swelling.

We propose here a model which departs from that of
Balarin in a number of areas. First, we consider swelling to
result from clustering of carbon interstitial atoms produced
directly from cascades. Silicon defects are much slower
and hence the rate of swelling is primarily controlled by
the clustering rate of silicon interstitials. Second, we as-
sume that stoichiometric interstitial loops grow by absorp-
tion of single defects and shrink due to line tension effects
and hence the growth rate is expected to be sensitive to
temperature. Third, Balarin concluded that the effective
migration energy for defects is in the range of 0.01-0.03
€V in SIC, athough it is not clear how this value was used
in his analysis of saturation swelling. Our recent MD
caculations [32,33] indicate that the smallest migration
energy for point defectsis 1.3 €V in SIC, which isin sharp
contrast with his conclusions. In addition, the experimental
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data base we assembled in this work is substantially larger
than that used by Balarin and covers a much wider temper-
ature range (100-1000°C).

According to our recent MD simulations with the modi-
fied EAM potential [33], migration energies of a silicon
vacancy, a dlicon interstitial, a carbon vacancy and a
carbon interstitial are 2.7, 4.1, 2.6 and 1.3 eV, respec-
tively. Therefore, carbon interstitials are mobile, even at
room temperature, while vacancies and silicon interstitials
are immobile below 1000°C. Pre-exponential factors of
point defect diffusion coefficients are close to 107 m2/s
and are taken to be equal for all point defects.

Vacancies can be produced either in single point de-
fects or in clusters (loops at low temperatures). In the
simple phenomenological model presented here, we as-
sume that vacancy clusters surviving from cascades will
soon be destroyed by sdlf-interstitials. This is consistent
with recent experimental observationsthat dislocation loops
are mainly of the interstitial type [34]. Therefore, vacancy
loops do not contribute to low temperature swelling di-
rectly, and will be described as a background sink for
mobile defects. Our MD calculations show that vacancies
can hardly migrate and will therefore be considered as
another background sink for mobile defects. Silicon inter-
gtitials play a different role in the sense that they form
interstitial loops with carbon interstitials. They determine
growth /shrinkage of interstitial loops through stoichiom-
etry requirements, which is unique for multi-component
systems. The species that are actively evolving are carbon
interstitials and interstitial loops. The interstitial loops
grow by absorbing carbon interstitials subject to stoichiom-
etry requirements and they shrink by thermal emission of
carbon interstitials. Thermal emission of silicon intertitials
is omitted due to their extremely large formation energies.
The density of interstitial loops is determined by a compe-
tition between production from cascades and destruction
by overlapping with other cascades. Based on the above
assumptions and the conventional adiabatic assumption for
fast species (i.e. point defects), the governing equations for
carbon interstitials and interstitial loops are given as

)bZ/kT

£{P+ D,CPevs*F)™ " " (2qrrn)
=D,CK; + e &/KTD,C;(27rn), (4

dr 1

Pl D,Ce /KT — D,Ceelrs* Fa)?/KT , (5)
with

ub?

Fy=—"7—, 6
b (1—v)dnr (®)
dn 4

E=Pn—aPnn §1Tr3 . (7)

The bias factor of dislocation loops toward interstitials
is taken as unity, since no vacancy is considered. E; is

e

defined as the difference between the migration energies of
silicon and carbon interstitials and is introduced to repre-
sent the tendency of interstitial oops toward stoichiometry.
D, is the diffusivity of carbon intergtitials, K; represents
the strength of background sinks, r and n are average
radius and volume density of the interstitial oops, respec-
tively, y4 is the stacking fault energy, w is the shear
modulus, » is Poisson’s ratio, b is Burgers vector and,
finally, « is an effective cascade resolution efficiency. Eq.
(4) represents the steady state balance of carbon intersti-
tials, while Egs. (5) and (7) are for the rates of change of
the average loop radius and number density, respectively.

At steady-state (i.e. saturation swelling conditions), both
r and n are time independent. Egs. (5) and (7) take the
form

D,Ce B/ = Diciee(7g+Fg)b2/kT’ ®)
an(fwr3) =1. ©)
3
Combining Egs. (4), (8) and (9), we have
ub?
1
X Ef — E,— % b®+ E™— KT In(K;D?/&,P)
1
T x—uT’ (10)
where
:%(EJ—E{M%E{“), (11)
W= %kln(KiDP/Sip), (12)

where the thermal emission rate is assumed to be much
smaller than the production rate of carbon interstitials from
cascades. Interstitial loops are much weaker than back-
ground sinks to attract interstitials due to stoichiometry
constraints. With a set of typical parameters listed in Table
2, we have

1

r= A). 13
0.468 — 3.329 X 10~ *T (K) (A) (13)

Using Eq. (9), we obtain the linear swelling

AL 1 1
— = —nwr’b=—(0.294 - 2.095 % 10~ T (K)).

L 3 «a
(14)

With an effective cascade resolution efficiency, «,
taken as 25, the predicted saturated swelling is compared
with experimental swelling data in Fig. 1. The temperature
dependence of the average radius, r, is shown in Fig. 2,
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Fig. 2. Comparison of average loop radius predicted by our model
(solid line) with experimental measurements (solid diamonds).

where measurements by Price [9] are compared with our
model prediction in Fig. 2. The contribution of swelling
from single carbon intergtitials is negligible. This can be
seen by considering the concentration of single carbon
interstitials, using the parameters presented in Table 2. It
can be shown that the swelling caused by carbon intersti-
tials is less than 0.01%, which is small compared with that
due to the contribution of interstitial loops Since lattice
dilation measurements are on the same order as the macro-
scopic swelling, at least up to 700°C, the swelling caused
by interstitial loops is also manifest in free vacancies in
this lower temperature range. However, above 700°C, it
appears that the size of interstitial loops is large and that
vacancies may be forming clusters as well, thus separating
|attice dilation measurements from volumetric swelling, as
can be observed from Fig. 3.
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Fig. 3. Comparison of data listed in Table 1(1) (solid circles) and
(2) (crosses).

D

4. Discussion and conclusions

The phenomenological model presented in this paper
seems to be consistent with the majority of experimental
data on the volumetric swelling and lattice dilatation of
pure, stoichiometric SIC. One important aspect of this
model is that it reproduces the linear temperature depen-
dence of saturation swelling of neutron-irradiated SiC. The
model is based on the formation of small interstitial loops
in cascades and their subseguent growth by the absorption
of the only mobile species in the temperature range below
1000°C: carbon interstitials. This is contrasted with an
earlier model by Balarin, where single point defects are
assumed to contribute to swelling. It is argued that the
contribution to swelling from single point defects does not
result in a linear dependence on temperature and that it
may be valid for very low temperatures, below 700°C. The
following specific conclusions can be drawn from the
present model.

(1) For purposes of comparison with the present model,
the data of Corelli et al. [19], Matthews [12] and Suzuki et
al. [27] are excluded because of the presence of free silicon
in reaction bonded SiC, B which produces helium and BeO
which migrates to grain boundaries. Also, the data of
Thorne et a. [6], and Blackstone and Voice [8] on crusilite
are excluded, because of the low initial density (about 70%
of theoretical). When all these data are excluded, the
remaining measurements shows more clearly a linear de-
pendence of the saturation swelling on irradiation tempera-
ture.

(2) Baarin's model attributes swelling to single point
defects and his analysis gives an effective mobility of
migrating defects in the range 0.01-0.03 eV. Since he
anadyzed a limited temperature range (200-500°C), the
temperature dependence, which is theoretically exponen-
tial, appears to be linear. However, if the same model is
extended to higher temperatures, it would not reproduce
the linear temperature dependence obtained from the previ-
ous data analysis. Moreover, the effective migration ener-
gies deduced from his analysis are well below our recent
estimates using MD computer simulations.

(3) The simple phenomenological model presented here
considers a sharp decrease in the concentration of intersti-
tial loops with temperature and an increase in their average
size. The net result is shown to give a linear dependence of
the saturated value of volumetric swelling with tempera-
ture, in good agreement with valid experimental data over
a wide range of temperatures (100—1000°C).

(4) The current model aso shows agreement with
average loop size, measured by Price [9]. Below approxi-
mately 700°C, the average size of interstitial loops is
small, indicating that very few defects exist in each surviv-
ing cluster. In this range, macroscopic volumetric swelling
measurements agree well with lattice dilatation measure-
ments. However, at higher temperatures, lattice dilatation
measurements give consistently lower values, in agreement



with our model and indicating the strong contribution from
larger defect clusters to macroscopic swelling.
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